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 Growing energy needs and greenhouse gas emissions have motivated increasing efforts 
in efficient and economical renewable fuel production. One possible answer to this challenge 
comes in the form of light-driven fuel-forming catalysis, wherein low energy molecules are 
converted to high energy molecules through multi-proton multi-electron reactions driven by 
absorption of solar photons. Reactions involving the movement of both protons and electrons are 
termed proton-coupled electron transfer (PCET) reactions, and are difficult to orchestrate for a 
single proton and electron, and much more challenging for multiple protons and electrons. To that 
end, research on light-driven single-proton single-electron PCET is needed to better understand 
this simpler reaction scheme before the more daunting multi-proton multi-electron reactions can 
be optimized for efficient fuel generation. 
Within light-driven PCET, two general schemes exist: flash-quench systems in which 
powerful thermal reactants are generated following light absorption and subsequently undergo 
PCET reactions in a charge separated state, and excited-state systems in which the PCET 
reaction occurs directly with reactants in their electronically excited states. This work contains 
examples of systems intended for each above scheme. Using a flash-quench scheme, a 
comprehensive kinetic and thermodynamic investigation was performed on a ruthenium-tyrosine 
dyad that was found to undergo PCET reactions in the presence of base. A novel photoacid was 
also developed intended for use in excited-state PCET reactions, and its photophysical and 
photoacidic properties were thoroughly investigated. These studies work to enhance our 
iv 
knowledge of single-proton single-electron PCET and will ultimately help enable the design of 
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CHAPTER 1: Introduction 
 
Portions of this chapter adapted with permission from Lennox, J. C.; Kurtz, D. A.; Huang, T.; 
Dempsey, J. L. Excited-State Proton-Coupled Electron Transfer: Different Avenues for Promoting 
Proton/Electron Movement with Solar Photons. ACS Energy Lett. 2017, 2 (5), 1246–1256. 
 
1.1 Schemes for light-driven PCET 
Driving energy-intensive fuel-producing reactions with sustainable energy inputs like solar 
photons presents an exciting opportunity to address energy storage issues. Among the major 
challenges to realizing light-driven fuel production are (1) the development of catalysts capable 
of mediating the complex multi-electron, multi-proton transformations necessary for converting 
energy-poor molecules to energy-rich fuels and (2) integrating light absorption to this 
proton/electron transfer reactivity in order to couple energy capture and conversion. 
Proton-coupled electron transfer (PCET) transformations underpin the conversion of feedstock 
molecules to fuels.1–3 PCET processes can occur via stepwise pathways—electron transfer 
followed by proton transfer (ET-PT) or proton transfer followed by electron transfer (PT-ET)—
which proceed via charged intermediates (Figure 1.1). These discrete charged species can 
impose an energy penalty on the reaction when these intermediates are high in energy.1,4 
Alternatively, the proton and electron can be transferred concertedly in a single kinetic step 
(concerted proton-electron transfer, CPET) circumventing charged intermediates. Often the 
concerted process is accompanied by a high activation barrier, though carefully tuned systems 
like those found in nature are often optimized such that CPET is favored with a shallower 
activation barrier.4,5 As such, catalysts capable of choreographing CPET promise access to 




Figure 1.1 (A) Square and (B) cube schemes describing thermal and excited-state (for an ES 
H+/e– donor) PCET reactivity, respectively. The * denotes excited-state reagents and reactivity in 
the cube scheme. 
Addressing the first challenge of sunlight-to-fuel conversion—the development of catalysts 
which exploit energy-efficient CPET reactions to mediate fuel production—necessitates a deeper 
understanding of the parameters influencing PCET reaction pathways. Significant research efforts 
have focused on elucidating PCET reaction mechanisms and identifying the experimental factors 
that dictate their pathways and kinetics.1 These mechanistic studies, which have been extensively 
reviewed, generally utilize PCET model substrates like phenols and quinones, as they provide a 
convenient and unifying platform with which to explore this complex reactivity.2,5,6 
Recent fundamental research has also focused on the second challenge facing the 
development of sunlight-to-fuel schemes: the successful integration of light-harvesting with the 
aforementioned PCET reactivity. Two limiting approaches have been envisioned for molecular-
based systems: (1) a modular approach in which light energy is first converted to chemical energy 
(by separating charges to form redox equivalents in so-called “flash-quench” schemes) followed 
by thermally driven fuel-producing PCET reactions7,8 and (2) an integrated approach where PCET 
reactions are initiated directly from photo-excited states.5,7–9 While the former allows light 
harvesting and catalyst components to be individually optimized, the latter offers simplicity and 
may provide avenues to new solar-to-fuel transformations (Figure 1.2).  
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Figure 1.2 Light-driven PCET reactions can be driven through a modular approach (A) in which 
separate molecules are responsible for light harvesting and PCET reactions and an integrated 
approach (B) in which PCET reactions are driven from electronically excited states. 
In contrast to thermal PCET reactions,2,10 excited-state PCET (ES-PCET) processes have been 
less explored. While nature provides some examples of ES-PCET in DNA energy dissipation and 
DNA photolyase,11 many questions face the field.2,7 How does ES-PCET differ from thermal 
PCET? What parameters dictate ES-PCET reaction pathways? Can ES-PCET be harnessed to 
drive solar fuel-producing reactions not accessible from ground electronic states?7 As for thermal 
PCET reactions, molecular model systems offer a versatile platform with which to begin 
addressing these outstanding questions and help elucidate new pathways by which solar energy 
can be converted to chemical energy. While many of these reported model systems are based on 
organic PCET reagents like phenols and quinones, the fundamental principles elucidated from 
these studies are expected to readily transfer to systems of consequence to fuel production. 
In this overview, recent advances in ES-PCET are examined, and reactivity is classified into six 
classes (Figure 1.3) based on the role of the excited-state reagent in promoting proton (H+) and 
electron (e–) transfers: (A) excited-state H+/e– donors (example shown in Figure 1.1B), (B) excited-
state H+/e– acceptors, (C) excited-state e– acceptors, (D) excited-state e– donors, (E) excited-
state H+ donors, and (F) excited-state H+ acceptors. The work discussed encompasses excited-
state PCET reactivity involving thermally equilibrated excited states. Not detailed are a few reports 
of hydrogen-bound chromophore-amine complexes in which intramolecular charge-transfer 
excitation directly yields ES-PCET products wherein the ET component is the intramolecular 
charge transfer.12–15 Highlighted are new understandings of photo-excited state reactivity involving 
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H+/e– transfer gained from these studies along with perceived opportunities for harnessing these 
light-driven transformations for fuel production.  
 
Figure 1.3 Six classes of ES-PCET: (A) ES H+/e– donors, (B) ES H+/e– acceptors, (C) ES e– 
acceptors, (D) ES e– donors, (E) ES H+ donors, and (E) ES H+ acceptors. 
1.2 Excited-State Proton/Electron Donors  
For molecules classified as excited-state H+/e donors (Figure 1.4), the photo-excited complex 
acts as both a reducing agent and acid upon light absorption. The first examples of ES H+/e 
donors were reported by Nocera and coworkers using a series of donor/acceptor dyads that were 
non-covalently bridged by an amidinium-carboxylate salt bridge.16–24 Many of the dyads explored 
are composed of either ruthenium tris(bipyridine) (1 and 2)16,17,19 or porphyrin donors (3 and 
4)18,20,21,23,24 which form two-point hydrogen bonds to electron deficient benzoate acceptors (A 




Figure 1.4 Schematic of excited-state proton/electron donor PCET along with structures of 
reactants and substrates described above. Excited-state proton/electron donor consist of both an 
electron donor and proton donating moiety, covalently linked. 
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Initial studies investigated how proton movement across the salt bridge affected the rates of ET 
from the photoexcited donor to the acceptor. Measurement of donor photoluminescence lifetimes, 
in most cases, indicated that the asymmetric amidinium-carboxylate salt bridge (Figure 1.5A) led 
to attenuation of ET rates in comparison to symmetric carboxylic acid bridges (Figure 1.5B)16 or 
covalently linked dyads.18,20 The difference in ET rates are attributed to the proton motion 
accompanying the ET reaction: in the amidinium-carboxylate bridge dyads, proton motion 
accompanies ET, giving rise to large reorganization energies. Further, the electrostatic field 
across the asymmetric bridge is thought to affect the PCET reaction energetics. For the symmetric 
carboxylic acid bridge dyads, any proton displacement is compensated by the second hydrogen 
bond and balanced symmetrically.16,25  
 
Figure 1.5 Amidinium-carboxylate and symmetric carboxylic acid bridges. 
 
When the orientation of the amidinium-carboxylate bridge dyad is switched (Figure 1.5C)17,19 so 
that PT does not accompany ET across the salt bridge, the ET rate was found to accelerate. This 
acceleration was attributed to 1) a change in dipole directionality which affects the energetics of 
ET, 2) a switch from PCET to pure ET, which reduces the overall reorganization energy, and 3) 
changes in electron coupling between the donor and acceptor due to differences in hydrogen 
bonding across the salt bridge.9,17,18 
The structure of the two-point hydrogen bond has also been found to influence charge transfer 
across these hydrogen-bound interfaces. The charged amidinium-carboxylate bridge shown in 
Scheme 4A has been spectroscopically demonstrated to be valid for donor-acceptor 
supramolecular assemblies only when the acceptor is electron poor; the non-ionized amidine-
7 
carboxylic acid tautomer dominates with electron rich acceptors.22,23 In the ionized interface, 
electronic coupling is enhanced, influencing the relative charge transfer kinetics.23,24 Together, 
these systematic studies of salt-bridged complexes have revealed the complex ways in which 
coupled PT across hydrogen-bonded networks can influence ET rates from photo-excited 
complexes. 
Similar to the amidinium-carboxylate bridged species, biimidazole complexes form two-point 
hydrogen bonds with carboxylate anions. While the acid/base reactivity of coordination complexes 
with imidazole ligands has been demonstrated to couple to the metal oxidation state,26–28  only 
more recently has this acid-base reactivity been demonstrated to couple to the excited-state redox 
chemistry of coordination complexes. Notably, Wenger and coworkers demonstrated that when 
coordinated to a cyclometallated iridium core (5), the acid-base reactivity of the biimidazole ligand 
couples to the excited-state redox chemistry generally exhibited by cyclometalated iridium 
photosensitizers.29,30 In the presence of a dinitrobenzoate H+/e- acceptor (A), which forms two-
point hydrogen-bonding interactions with the biimidazole ligand, dramatic quenching of the iridium 
excited state was observed through steady state luminescence. When the biimidazole nitrogens 
were methylated, quenching was significantly attenuated, indicating that ET from the metal center 
of the unmethylated species to the acceptor is accompanied by PT across the biimidazole-
dinitrobenzoate salt bridge through an ES-PCET pathway. This work highlights that proton-
transfer reactivity can be intimately coupled to photo-excited electronic states when the acidity of 
the ligand is influenced by electron density at the metal and/or on the ligand.  
Like imidazole-based ligands, ES-PCET reactivity has also been observed for 
phenanthrolinediol ligands which similarly contain acidic protons distal to the metal coordination 
sites.  In work by Meyer and coworkers, the ES H+/e donor reactivity of a ruthenium 
phenanthrolinediol complex (6) with monoquat (MQ+, D) was studied via transient absorption (TA) 
spectroscopy.7 This work is noteworthy because ES-PCET reactivity was observed from unique 
spectroscopic changes in not only the photosensitizer, but also the substrate, providing insight to 
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both ET and PT. Typically, transition metal complexes exhibit optical differences when their 
oxidation state changes, but protonation state is often spectroscopically silent in the visible region. 
However, ES H+/e transfer from the ruthenium phenanthrolinediol to MQ+ yields HMQ+, which 
has a striking blue color similar to reduced methyl viologen. As such, appearance of the H+/e- 
transfer product could be spectroscopically monitored in this work, highlighting how suitable 
reagents can provide enhanced insight to H+/e reactivity.  
The aforementioned ES H+/e donors all incorporate multiple acidic sites on the donor. To 
simplify the H+/e donor, Wenger and coworkers synthesized Ru(CF3-bpy)2(py-imH) (7) with only 
a single imidazole proton.31 Upon photoexcitation in the presence of a H+/e acceptor, 
benzoquinone (E), quenching by ET was observed through TA, despite the incorporation of 
electron-withdrawing CF3-bpy ligands intended to minimize the driving force for pure ET vs. PCET. 
However, a very weak but discernable transient signal that resembled that of a reduced and 
protonated semiquinone radical was observed, indicating that a very small fraction of excited-
state deactivation proceeded through an ES-PCET pathway. The competing ET and PCET 
reactivity was explained by comparing the driving force for ET (0.3 eV) vs. PCET; coupling to PT 
only adds ~0.2 eV of driving force because the pKa values of the Ru(III) complex and the 
semiquinone radical are very similar. 
Studies of ruthenium-pyridine imidazole complexes have been extended to related complexes, 
such as Ru(bpy)2(py-imH) (8).32 Reactivity of  this complex with the aforementioned MQ+ H+/e 
acceptor was explored, allowing the PCET products to be clearly identified through TA 
spectroscopy. Interestingly, direct PCET to MQ+ was not observed, but rather a termolecular 
PCET reaction (either stepwise or concerted) dominates in which MQ+ accepts the electron and 
the buffer base (in an acetic acid/acetate buffered solution) accepts the proton, followed by PT 
from acetic acid to MQ• to yield HMQ+•, the appearance of which was readily tracked 
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spectroscopically (Eq. 1.1 and 1.2). This temporally resolved PCET-PT sequence is consistent 
with thermochemical analysis. 
  Eq. 1.1 
  Eq. 1.2 
 
1.3 Excited-State Proton/Electron Acceptors 
For molecules classified as excited-state H+/e- acceptors (Figure 1.6), a single excited species 
acts as both an electron acceptor and proton acceptor, oxidizing and deprotonating a donor 
molecule or moiety. In contrast to other forms of ES-PCET, reactions involving ES H+/e- acceptors 
have been observed solely with bimolecular and intramolecular systems, with no examples of 
termolecular ES-PCET reported. These reactions offer intriguing possibilities for new reactivity 
that contrasts the more extensively explored ES e– acceptor PCET scheme. 
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Figure 1.6 Schematic of excited-state proton/electron acceptor PCET along with structures of 
reactants and substrates described above. Excited-state proton/electron acceptors consist of both 
an electron acceptor and proton accepting moiety, covalently linked. 
Although there is a long history of ES H+/e- acceptor PCET with small organic molecules (e.g. 
flavins, quinones, benzophenones, and pyridines), many require ultraviolet light excitation and 
are therefore less applicable towards solar energy capture and conversion.33–39 Most recent and 
relevant examples within this category of ES-PCET involve a small class of acceptor and donor 
molecules. The majority of these ES H+/e- acceptors are characterized by a polypyridyl Ru(II) or 
Re(I) center which acts as a powerful oxidant in the excited state, and ligands containing a 
pyrazine or imidazolate ring as a proton acceptor. The H+/e- donors used in reactions with ES 
11 
H+/e- acceptors are similarly limited in scope, consisting almost entirely of hydroquinone and 
phenol derivatives (F–J). These donors are well suited for the reaction, as they are known to 
undergo 1 H+/1 e– reactivity (to form semiquinone and phenoxyl radicals, respectively), and can 
be substituted with electron donating and withdrawing groups to vary the oxidation potential 
and/or acidity to afford a suitable match for the acceptor.  
The first case of ES-PCET involving an inorganic molecule as an ES H+/e- acceptor was 
demonstrated in 2005 by Kramer and coworkers, where photoexcited [Ru(bpy)2(2-(2-
pyridyl)benzimidazolate)]+ (9) was shown to oxidize and deprotonate a substituted hydroquinone 
(H).40 These results were backed by the detection of the neutral semiquinone radical via time-
resolved EPR and the presence of a large kinetic isotope effect (KIE) in the quenching of the 
Ru(II)* excited state. Since then, five other studies have been performed on ruthenium 
polypyridine scaffolds incorporating bipyrazine (bpz) and imidazole ligand motifs.41–45 
In 2013, Wenger and coworkers demonstrated the importance of substrate selection on PCET 
reaction pathways.41 Using a Ru(bpz)32+ complex (10) and a series of substituted thiophenols (I), 
Wenger showed that the primary PCET pathway could be modulated between ET-PT, CPET, and 
PT-ET by switching from electron-donating to electron-withdrawing substituents on the thiophenol 
substrate. This has been the only definitive example of an operative PT-ET reaction pathway in 
ES H+/e- acceptor PCET.  
ES PT-ET reactivity must inherently be driven by changes in the pKa of the acceptor upon 
photoexcitation, frequently through an MLCT excited state in which the excited electron localized 
on the ligand increases the basicity of any protonatable site. However, Wenger has also shown 
this localization is irrelevant in cases dominated by ET.46 In ET-PT and CPET reaction schemes, 
the PT component can instead be driven by changes to the substrate pKa upon oxidation. A 
comparison was made between two Re(I) complexes (11 and 12) in the oxidation of 4-
cyanophenol (G). In 11, the excited electron is localized on the bipyrazine ligand that acts as the 
proton acceptor, while in 12 the electron is localized on the bipyridine ligand and a separate 
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pyrazine ligand acts as the proton acceptor. Interestingly, the rates for the ES-CPET oxidation of 
4-cyanophenol for these complexes remains similar, showing the insignificance of MLCT 
localization in ES-CPET reactivity. Furthermore, the thermodynamic principles that allow for the 
above CPET reactivity also hold for ET-PT reactions, although a direct comparison of two 
analogous complexes has not yet been made for the corresponding ET-PT process. For an ET-
PT reaction, it is not necessary that the electronically excited H+/e- acceptor be capable of 
deprotonating the substrate. Provided that it is thermodynamically favorable for the reduced 
acceptor to deprotonate the oxidized substrate, ES-PCET can occur. 
Some recent examples of ES H+/e- acceptor reactivity extend beyond the framework of 
polypyridyl Ru(II) and Re(I) complexes.  Notably, our group has shown that photo-excited acridine 
orange (13) reacts with both tri-tert-butylphenol (J) and TEMPOH (K) through a CPET 
mechanism.47 Acridine orange exhibits unique spectral profiles for each of its protonated and 
reduced states, which allows for straightforward identification of the operative PCET mechanism 
via time-resolved spectroscopy. Also of note is a recent report by Kennis and coworkers in which 
a modified fullerene with an attached amine moiety accepts a proton and electron intramolecularly 
from a covalently connected phenol (14).48 These schemes present new opportunities for 
research on ES H+/e- acceptor PCET systems.  
1.4 Excited-State Electron Acceptors 
ES-PCET can also occur with discrete molecules acting as H+ and e– acceptors in what is often 
referred to as a ‘bidirectional’ reaction. Light-absorption by excited-state e– acceptors (Figure 1.7) 
initiates oxidation of a H+/e- donor substrate coupled to thermal deprotonation of the substrate to 
a separate proton-accepting moiety or molecule. 
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Figure 1.7 Schematic of excited-state electron acceptor PCET along with structures of reactants 
and substrates described below.  
Early examples of ES e– acceptor PCET were reported by Linschitz and co-workers,49–51 in 
which the luminescence quenching of triplet 3C60* (15) and singlet tetracene (16) by phenol (L) 
and naphthol (M) substrates were found to be accelerated by the addition of pyridine bases. 
Identification of C60●-, protonated bases and phenoxyl radicals by TA spectroscopy and 
observation of kinetic isotope effects (kH/kD = 1.2 – 1.7) were used to assign reactivity of 3C60* with 
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hydrogen-bonded phenol-pyridine pairs as a ES-CPET pathway. These termolecular reactions 
have laid important groundwork for subsequent ES-PCET studies involving ES e- acceptors. 
More recently, MLCT excited states of d6 transition metal complexes (e.g. Re(I), Ru(II), Ir(III)) 
have been extensively used as ES e acceptors in PCET reactions.52,53,62,63,54–61 Among these, 
Re(I) polypyridyl complexes (17-19a) with covalently linked phenol substrates (N-Q) have been 
the most heavily studied52–57,64,65 Nocera and coworkers reported the formation of the neutral 
tyrosyl radical following photoexcitation of the Re(I) moiety in several covalently linked Re-tyrosine 
(and fluorinated tyrosine) dyads (17-N, 17-O, 18-N, 19a-N) with deprotonation by either solvent 
or an external base primarily through a ES ET-PT mechanism.52–55 Notably, a clear relationship 
between PCET rates and the strength of bases was revealed by 19a-N with pyridine and imidazole 
as external bases,55 suggesting parallels between the effects of varied PT driving force on ES 
and thermal e– acceptor PCET reactions.66 In another study, the influence of the linking ligand 
between the Re core and tyrosine moiety (17-N vs. 18-N) was compared, and it was found that 
the lifetime of the tyrosyl radical could be extended through differing ligand binding group identity 
and location.52 In a study by Wenger and coworkers, ES-PCET involving a series of Re-phenol 
dyads (19a-P) linked through a variable number of p-xylene spacers via a coordinated pyridine 
moiety were explored. PCET reactivity was found to differ substantially as the number of xylene 
spacer units was varied, with shorter dyads exhibiting apparent photoacid behavior of the phenolic 
proton upon excitation and phenol oxidation proceeding via an ET-PT mechanism for the dyads 
with longer linker ligands.56 This example highlights how the coupling of the electron acceptor and 
the phenol donor can dramatically influence reactivity in such donor-bridge-acceptor molecules. 
ES-PCET reactivity of Ru(II) polypyridyl complexes with covalently bound phenols (20-P, 20-Q) 
has also been well studied, and from these works new understanding about ES-PCET reactivity 
has been gained.63,67,68 One example by Wenger and coworkers analyzed Ru(bpz)32+ complexes 
with a covalently connected phenol (20-Q, n = 1) through a xylene spacer, and showed that PCET 
mechanisms can be altered from CPET to stepwise ET-PT by switching from electron-withdrawing 
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to electron-donating phenol substituents (Q, R = CN vs. H).58 In the study of a related Ru(bpy)32+-
based system with a covalently linked phenol (21-P, R = N, n = 1-3) and pyridine as a proton 
acceptor, PCET reactivity differed between dyads without (n = 0) and with (n = 1) a xylyl spacer.63 
The former reacted simply as a photoacid, while the latter exhibited apparent photoacid behavior 
that was diagnosed to proceed via a PCET-ET (net PT) pathway. Major differences in activation 
energies were found, and suggested to drive the differing reactivity. In subsequent studies of this 
dyad structure incorporating 1–3 xylyl spacers (21-P, R = H, n = 1–3) with pyrrolidine as a proton 
acceptor, CPET reactivity was observed.59 Quantification of the CPET rate constants vs. xylyl 
spacer units allowed the distance dependence of bidirectional PCET was explored, revealing that 
the distance decay constant βCPET = 0.67 ± 0.23 Å-1 for CPET was similar to that measured for 
pure ET in related systems (βET = 0.52 – 0.77 Å-1). This work provides a clear example of how the 
distance decay model for electron transfer can also be extended to PCET reactions. 
Although most bimolecular schemes reported for ES e- acceptor PCET employ a photo-oxidant-
substrate dyad as discussed above, ES-PCET reactions have also been explored with covalently 
bound substrate-base dyads, relying on diffusional quenching of an excited photo-oxidant to 
initiate the reaction.57 Notably, the reaction of a Re(I) photo-oxidant (19b) with pyridylphenol 
dyads (R) was compared to that with simple phenols. While efficient oxidation of all untethered 
phenols by the Re(I) photo-oxidant via pure ET was observed in photoluminescence quenching 
experiments, the covalently bonded phenol-base moieties shows significantly faster quenching 
rates and evidence for CPET in both TA and KIE studies. While the phenol-only experiments 
indicate that an ET-PT reaction pathway is thermodynamically accessible for the pyridylphenol 
substrates, the observed CPET reactivity suggests the importance of a covalently bound base at 
promoting oxidation by coupling the proton release in an intramolecular, hydrogen bound system. 
Free base porphyrins have also been found to function as ES e– acceptors in PCET reactions 
involving phenol-benzimidazole dyads.69–71 For example, a porphyrin covalently bound to phenol-
benzimidazole (22-S) has been studied as a unimolecular mimic of the chlorophyll-TyrZ-His190 
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complex in photosystem II.69 Emission quenching studies revealed that the singlet porphyrin 
excited state acts as an ES e– acceptor, triggering the intramolecular phenolic PT to 
benzimidazole. Relatedly, Bangal and co-workers have shown non-diffusive ultrafast PCET 
coupled with fluorescence up-conversion via time-correlated single photon counting, in which 4-
methoxyphenol is oxidized by the excited singlet state of meso-tetrakis-5,10,15,20-
pentafluorophenyl porphyrin (23) with concerted motion of bound protons to associated pyridine 
on the scale of tens of picoseconds.71  
In addition to phenol-base dyads, ES-PCET reactions involving nucleotides have also been 
examined. The excited state of [Ru(TAP)2(dppz)]2+ (TAP = 1,4,5,8-tetraazaphenanthrene, dppz = 
dipyrido[3,2-a:2’,3’-c]phenazine, 24) has been demonstrated to oxidize guanosine 
monophosphate and guanine-containing polynucleotides (T).72 In these reactions, ET from 
guanine to the Ru(II)* complex is coupled to deprotonation of guanine to solvent molecule, or in 
the case of doubly stranded DNA, the proton is transferred to hydrogen-bonded cytosine. 
Application of ES e- acceptors to promote PCET reactions for chemical transformations has 
also been recently explored in the field of photoredox catalysis. Among several examples recently 
reviewed by Knowles and coworkers,61,73 olefin hydroamidation catalysis60 and remote C-H bond 
alkylation62 are two reactions that have been promoted through ES e- acceptors. In these 
experiments, it is postulated that oxidation of the N-H bond (e.g. in N-aryl amide derivatives, U) 
by [Ir(dF(CF3)ppy)2(bpy)]+* (25, dF(CF3)ppy = 2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine) is 
coupled to PT to dibutyl phosphate. Together with the extensive literature describing fundamental 
studies of ES-PCET with excited-state e– acceptors discussed above, these application-based 
studies reveal the extensive opportunities to utilize excited-state e– acceptors to drive H+/e– 
chemistry. 
1.5 Excited-State Electron Donors  
For molecules classified as excited-state e– donors (Figure 1.8), a single excited species acts 
as an electron donor, reducing a proton-accepting molecule or moiety. In comparison to reports 
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involving ES e– acceptors, less work has focused on ES-PCET reactions of this type. Among 
studies reported, photoreductants such as modified Ru(bpy)32+ complexes74 (26) Ir(ppy)3 (27),75 
pyrene (28)76 have been used as ES e- donors. For example, ultrafast dynamics of both ET and 
PT have been studied in pyrene-modified pyrimidine nucleosides (28-V, 28-W) via steady-state 
fluorescence and femtosecond TA spectroscopy.76 The ET occurs in several picoseconds, which 
is promoted in a more acidic environment, suggesting PCET reactivity. In other reports, quenching 
of the 3MLCT excited states of Ir(ppy)3 or Ru(bpy)32+ chromophores (26-27) by acetophenone (X), 
yielding the ketyl radical, was explored in acidic conditions.73–75 Sequential ET-PT and PT-ET 
pathways were determined to contain thermodynamically unfavorable steps, and a first order 
dependence on both acid and ketone was observed, supporting a proposed CPET mechanism 
for these reactions.61,73,75 Furthermore, the rate of reductive PCET was found to increase by 
appending electron donating methoxy groups to the backbone of the bpy ligands, which increases 
the reductive power of the photoexcited Ru(bpy)32+.74 These limited examples of excited-state e– 
donors employed in ES-PCET reactions come as somewhat of a surprise, considering the breadth 
of literature surrounding excited-state e– acceptor PCET. ES e- donor PCET is likely rich for 
discovery of new reactions that can be built off the given the extensive number of photoreductants 




Figure 1.8 Schematic of excited-state electron donor PCET along with structures of reactants 
and substrates described above. 
1.6 Excited-State Proton Donors 
ES-PCET reactions involving excited-state H+ donors (Figure 1.9) are characterized by proton 
transfer from a photo-excited molecule that exhibits enhanced acidity in its electronic excited state 
(i.e. a photoacid)77–82 to a substrate, coupled to thermal reduction of the substrate by a separate 
reductant. There are very few examples of this form of ES-PCET, partially due to a relative scarcity 
of well-behaved photoacids. Many organic photoacids suffer from short excited-state lifetimes, 
irreversible photochemistry, and rapid photodegredation, and many require UV light excitation, 
hindering kinetic analysis.83 
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Figure 1.9 General schematic describing excited-state proton donor PCET described below. 
One instance of ES H+ donor PCET was reported by Gray and coworkers in the study of H2 
evolution by a cobaloxime complex known to catalyze H2 production.84 Excitation of the organic 
photoacid 6-bromo-2-naphthol with ultraviolet light in presence of the Co(I) species yielded the 
Co(II) hydride. TA spectroscopy was used to diagnose the reactivity as a stepwise PT-ET 
reaction, whereby ES proton transfer from the photoacid to the Co(I) species yielded a Co(III) 
hydride species that was subsequently reduced through comproportionation with unreacted Co(I) 
to form Co(II) hydride and one equivalent of Co(II) (Figure 1.10). This work is noteworthy for two 
reasons: it is a rare example of ES-PCET involving an excited-state H+ donor and it involves ES-
PCET reactivity of a substrate of relevance to fuel production. 
 
Figure 1.10 Reactivity of 6-bromo-2-naphthol with cobaloxime 
While inorganic molecules displaying photoacid behavior have been reported, and inorganic 
photosensitizers are ubiquitous in other types of ES-PCET, they may not be well-suite for use as 
pure ES proton donors in PCET reactions (or as purely ES proton acceptors, see below).85–87 The 
MLCT excited states that give rise to most photoacid and photobase behavior in transition metal 
complexes also dramatically alters the reduction potentials of the complexes.85–88 These changes 
in redox potential are useful for designing reactions involving ES H+/e- donors and acceptors, but 
can complicate reactions of ES H+ donor PCET by introducing unwanted ET reactions involving 
the photoexcited complex.56,63,67 For this reason, organic photoacids, which are generally harder 
to oxidize in their excited state, may be preferred when designing schemes for ES H+ donor PCET. 
However, these inorganic photoacids may be useful as ES H+/e– donors and are underexplored 
for such applications.  
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Although ES-PCET reactions involving ES H+ donors are scarce, this approach to photo-
activating PCET reactions may be valuable for the development of solar fuel-forming reactions. 
For instance, photoacids can promote PT-ET reaction pathways less commonly favored with other 
ES-PCET reactants, thus allowing access to new, desirable substrates for fuel production. 
Recently reported photoacids with visible absorption features and reversible protonation states 
may provide new avenues for convenient study in this field.83 
1.7 Excited-State Proton Acceptors 
ES-PCET reactions involving excited-state H+ acceptors (Figure 1.11) are characterized by 
proton transfer from a substrate to a photo-excited molecule that exhibits enhanced basicity in its 
electronic excited state (i.e. a photobase),47,89–94 coupled to thermal oxidation of the substrate by 
a separate oxidant. Many parallels can be drawn between these reactions of ES H+ acceptors 
and those of ES H+ donors, including the relative incompatibility of metal complex photosensitizers 
and a dearth of well-behaved photobases that absorb visible light.85 Furthermore, among visible 
light-absorbing organic photobases, some also readily undergo redox chemistry in their excited 
states (e.g. acridines), which limits their viability as discrete ES H+ acceptors.47,95 To our 
knowledge, there have been no reports of photobase-initiated ES-PCET, but this underexplored 
field holds promise as another approach capable of bypassing the restrictions of more 
conventional ET-dominated ES-PCET reaction schemes. 
 
Figure 1.11 General schematic describing excited-state proton acceptor PCET described above. 
1.8 Outlook 
Decades of work understanding excited-state electron transfer and excited-state proton transfer 
reactions have laid the foundation for application of excited-state reagents in PCET reactions. 
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Many complexes that undergo ES-ET and ES-PT reactions, especially excited-state electron 
acceptors, have been utilized to promote excited-state PCET reactivity across a variety of 
substrates. Studies incorporating these reactants have provided new understanding of general 
PCET reactivity; for example, the ability to modulate PCET reactions pathways through the 
systematic variation of reaction parameters and the role of ET distance on PCET reaction rates 
have been elucidated through the use of excited-state reactants. While these excited-state 
reagents have proven valuable in enhancing our understanding of PCET reactivity in general, in 
many cases their reactivity does not differ from that observed for the ground state reagents that 
promote thermal PCET reactions. For example, recent work exploring CPET reactivity involving 
non-covalently linked Ru(II) photooxidants and substituted phenols has shown similar 
relationships between driving force and reaction rates for both termolecular systems involving ES 
e– acceptors (21, R = CF3) and bimolecular systems involving  ES H+/e– acceptors,42 underscoring 
the thermodynamic equivalence between these two ES-PCET reagents.45  
However, there are many reagents—especially among those classified in this work as excited-
state proton/electron acceptors and excited-state proton/electron donors—that react via pathways 
by which there are no analogues for thermal reagents. Opportunities to exploit this reactivity to 
drive fuel producing reactions are promising. As such, recognizing, and harnessing, excited-state 
PCET reactivity that cannot be accessed from electronic ground states is crucial. Towards this, it 
is essential that contemporary research efforts pursue a deeper understanding of the fundamental 
science behind excited-state PCET reactivity and seek new ways that molecules can be designed 
to engender H+/e– reactivity in their excited states. Further, work must extend beyond model 
systems based on organic reagents like phenols and quinones to substrates of consequence to 
fuel production, such as transition metal hydride complexes (putative intermediates in fuel-
producing catalytic cycles) and energy-poor fuel feedstocks like CO2 and H2O. By pushing the 
frontiers of ES-PCET through fundamental research, opportunities to harness excited-state 
proton-coupled electron transfer reactivity for fuel production will be revealed. 
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1.9 Dissertation Overview 
As noted above, photochemical schemes for PCET reactions can proceed through either flash-
quench reaction schemes or directly with an excited-state molecule. Systems for each class of 
reaction were investigated and analyzed. Chapter 2 investigates flash-quench reactivity, and 
describes the examination of a ruthenium-tyrosine dyad capable of undergoing PCET reactivity 
when photolyzed in the presence of methyl viologen and pyridine base. As a dearth of photoacid-
initiated PCET has been noted, a novel pyranine photoacid was synthesized, intended for use in 
excited-state PCET reactions. The analysis of the capabilities of this photoacid for ES-PT 
reactions is detailed in Chapter 3. Efforts to extend this ES-PT reactivity toward ES-PCET 
reactivity through the addition of thermal reductants to a system of photoacid and a 1H+/1e– 
acceptor are detailed in appendices A and B. Finally, Chapter 4 explains the theoretical 
background of acid/base homoconjugation which is pertinent for studies involving analysis of PT 















CHAPTER 2. The PCET reactivity of a ruthenium-tyrosine complex with added base. 
 
Portions of this chapter adapted with permission from Lennox, J. C.; Dempsey, J. L. Influence of 
Proton Acceptors on the Proton-Coupled Electron Transfer Reaction Kinetics of a Ruthenium–
Tyrosine Complex. J. Phys. Chem. B 2017, 121 (46), 10530–10542. 
2.1 Introduction 
Proton-coupled electron transfer (PCET) reactions are key to the conversion of small energy-
poor molecules to energy-rich fuels. These reactions, which involve the transfer of both a proton 
and electron, can proceed through either stepwise or concerted mechanisms.4,8,10,96 Stepwise 
pathways for PCET occur via either electron transfer followed by proton transfer (ET-PT) or proton 
transfer followed by electron transfer (PT-ET) pathways, while in the concerted pathway 
(concerted proton-electron transfer, CPET) the reaction processes via a single kinetic step. This 
concerted reactivity avoids the high-energy, charged intermediates encountered in the two 
stepwise pathways.97,98 Circumventing these intermediates can increase the energetic efficiency 
of a PCET reaction, and many biological systems take advantage of CPET pathways.99–103 Yet 
while CPET is pervasive in biological systems for energy conversion (e.g. photosynthesis), 
synthetic energy conversion systems involving small molecule activation (e.g. H2O oxidation, CO2 
reduction) have been less successful at harnessing this desirable reactivity, partly due to a lack 
of knowledge of the factors that control PCET pathway selection.1,3,56,104 Identifying criteria that 
dictate pathway selection is therefore critical for the rational design of efficient next-generation 
catalysts that can take advantage of this reactivity for the production of renewable fuels.  
 Free energy changes associated with elementary proton and electron transfer steps can 
dictate the operative PCET pathway. By systematically changing the pKa values of proton donors 
and (conjugate acids of proton) acceptors and/or the reduction potentials of electron donors and 
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acceptors, the influence of these parameters on reaction mechanism or kinetics can be 
ascertained.1,4,105–108 Further, analysis of the linearity or curvature, slope, and intercepts of a free 
energy relationship can all shed light on the influence of thermodynamics on reaction pathway. 
These relationships may be valuable tools in more generally identifying the criteria that control 
PCET reaction mechanisms.  
 Herein we describe a ruthenium tris(bipyridine) complex with a covalently attached 
tyrosine moiety ([Ru(flpy)2(bpy-tyrOH)]2+) that undergoes flash-quench reactivity with an electron 
acceptor (methyl viologen, MV2+) to generate a RuIII oxidant ([RuIII(flpy)2(bpy-tyrOH)]3+) capable 
of initiating PCET oxidation of the tyrosine moiety in the presence of a proton acceptor (pyridine). 
A series of five pyridine bases were used to modulate the driving force for proton transfer in the 
PCET oxidation of tyrosine. Through a detailed analysis of transient absorption kinetics traces, 
the reaction mechanism was identified as a stepwise ET-PT pathway for all proton acceptors 
examined (Figures 2.1 and 2.2). Notably, the PT kinetics were observed to have a pronounced 
influence on the observed ET kinetics, and a linear free energy relationship for proton transfer 




Figure 2.1 Reactivity of [Ru(flpy)2(bpy-tyrOH)]2+ (RuII) in acetonitrile with methyl viologen (MV2+) 
and pyridine: (1) MLCT excitation of RuII to RuII*. (2) Oxidative quenching by methyl viologen to 
form RuIII. (3) Oxidation of the tyrosine phenol moiety by RuIII. (4) Deprotonation of the oxidized 
tyrOH•+ by pyridine. (5) Recombination of methyl viologen radical monocation with the oxidized 
Ru-tyrosine dyad. (6) Back proton transfer from the conjugate pyridinium to the tyrosinate. 
 
Figure 2.2 Square scheme for the oxidation of tyrosine by a ruthenium(III) oxidant with a pyridine 
(py) proton acceptor denoting the three possible pathways for PCET: PT-ET, ET-PT, and CPET. 
2.2 Experimental Methods 
All acetonitrile used (Fisher Sci, HPLC >99.9%) was degassed with argon and dried with a Pure 
Process Technology Solvent System, then stored over 3 Å molecular sieves in a nitrogen-filled 
glovebox. Tetrabutylammonium hexafluorophosphate ([NBu4][PF6], Oakwood Chemical, 98%) 
was recrystallized from absolute ethanol, dried in vacuo, and stored under inert atmosphere. 
Methyl viologen hexafluorophosphate was prepared via anion exchange from methyl viologen 
dichloride hydrate (Acros Organics, 98%) and was recrystallized five times prior to use via diethyl 
ether vapor diffusion into acetonitrile. 3-acetylpyridine (Acros Organics, 98%), pyridine (Sigma-
Aldrich, >99.0%), 2-picoline (Alfa Aesar, >98.0%), 2,6-lutidine (Sigma-Aldrich, 98%), and 2,4,6-
collidine (TCI, >98%) were degassed via the freeze-pump-thaw method (four cycles) and stored 
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in a glovebox under inert atmosphere. All other reagents were commercially available and used 
without further purification. 
1H and 19F NMR spectra were recorded at room temperature using 400 MHz Bruker NMR 
spectrometers. 13C NMR spectra were recorded at room temperature using a 600 MHz Bruker 
NMR spectrometer. All deuterated solvents were purchased from Cambridge Isotope 
Laboratories and used without further purification.  
Electrochemical measurements were performed in a nitrogen-filled glovebox with 100 mM 
[NBu4][PF6] electrolyte in acetonitrile with a standard three electrode cell using a glassy carbon 
working electrode, a Pt wire counter electrode, and an Ag/Ag+ wire pseudoreference electrode. 
Ferrocene was added as an internal reference standard. Glassy carbon working electrodes (CH 
Instruments, 3 mm diameter) were polished with 0.05 micron alumina powder (CH Instruments, 
contained no agglomerating agents), rinsed and ultrasonicated for one minute in HPLC grade 
water to remove residual polishing powder. Measurements were made at room temperature with 
a WaveDriver potentiostat (Pine Instruments) controlled by Aftermath software (Pine 
Instruments). Cyclic voltammograms were recorded at a scan rate of 100mV/s. Data were 
analyzed in Igor Pro 6.22 (Wavemetrics).  
Absorbance measurements were recorded using a Cary 60 UV-vis absorbance spectrometer. 
Steady-state photoluminescence spectra were obtained using an Ocean Optics USB2000+ 
spectrometer with excitation via a 405 nm laser diode. Emission intensities at each wavelength 
were corrected for nonlinear spectrometer response. 
Transient absorption samples were prepared with rigorously dried acetonitrile in a nitrogen-filled 
glovebox. Ruthenium complex concentrations typically ranged from 40-60 μM with 100 mM 
[NBu4][PF6] electrolyte. Samples were placed into 1 cm path length quartz cuvettes and isolated 
from atmosphere with a Teflon Kontes valve. 
Transient absorption and time-resolved photoluminescence experiments were performed using 
a custom-build laser flash photolysis system. Laser excitation (5-7 ns FWHM, 10 Hz, Q-switched) 
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was provided by the third harmonic of a Nd:YAG laser (Spectra-Physics, Inc., model Quanta-Ray 
LAB-170-10) that pumped an OPO (basiScan, GWU Lasertechnik) to access tunable excitation 
(415–800 nm). Laser power at the sample cuvette was attenuated by the use of a half-wave plate 
(WPMH10M-355, ThorLabs) and polarizer (GL10-A, ThorLabs). A glass window was used to 
deflect a small portion of excitation beam to a Si diode detector (DET10A, ThorLabs), triggering 
the oscilloscope to start data collection. Timing of the laser was controlled by a digital delay 
generator (9514+ Pulse Generator, Quantum Composers). A 75 watt Xe Arc Lamp (PowerArc, 
Optical Building Blocks) was used in continuous wave mode as a white light source. The probe 
beam was passed through a 375 nm long pass filter before passing through the sample collinear 
with the pump beam. Probe light was then attenuated using a neutral density filter, and scattered 
excitation light filtered with a color filter wheel containing various long pass and short pass filters. 
Single wavelength kinetics were obtained using a double slit monochromator (Spectral Products 
CM112) outfitted with a Hamamatsu R928 photomultiplier tube (PMT). The signal was amplified 
by a 200 MHz wideband voltage amplifier (DHPVA-200, Electro Optical Components), and 
processed using a digitizer (CompuScope 12502, GaGeScope) controlled by custom software 
(MATLAB). The data were converted to units of ΔOD (ΔOD = -log(I/I0), where I is the time-resolved 
probe light intensity with laser excitation, and I0 is the intensity without excitation). Data were 
collected at room temperature and further analyzed in Igor Pro 6.22 (Wavemetrics). 
 
2.2.1 Synthesis of 4,4′-bis(trifluoromethyl)-2,2′-bipyridine (flpy) 
Following a modified literature procedure,109 a three-neck flask was charged with Ni(PPh3)2Br2 
(2.23 g, 3.1 mmol), Zn0  (0.98 g, 15 mmol), [NEt4]I (2.01 g, 7.8 mmol), and 20 mL dry THF in an 
inert-atmosphere glovebox. The flask was removed from the glovebox and stirred under N2 for 30 
minutes. Concurrently, a solution of 1.82 g (10.0 mmol) 2-chloro-4-(trifluoromethyl)pyridine in 15 
mL dry THF was sparged with N2 and then transferred to the reaction vessel via cannula. The 
solution was heated to reflux under N2 for 21 hours. The reaction was removed from heat and 
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poured into 100 mL of 12.5% ammonium hydroxide, then filtered to remove a black solid. The 
isolated solid was sonicated in diethyl ether and filtered to yield a yellow filtrate. In parallel, the 
NH4OH solution was extracted with 2x60 mL diethyl ether. The ether fractions were combined 
with the yellow filtrate, dried with MgSO4, then concentrated via rotary evaporator. The crude 
product was purified via column chromatography (silica gel, 80% DCM/20% hexanes) to remove 
a first-eluting yellow byproduct, yielding pure 4,4′-bis(trifluoromethyl)-2,2′-bipyridine (flpy) as the 
second eluent. (0.94 g, 64%). 1H NMR (400 MHz, CDCl3) δ = 7.62 (d, 2H), 8.76 (s, 2H), 8.92 (d, 
2H). 19F NMR (400 MHz, CDCl3) δ = -64.82 (s). 
2.2.2 Synthesis of Ru(flpy)2Cl2 
Following a modified literature procedure,110 0.230 g (5.42 mmol) of LiCl was added to a Schlenk 
flask and flame dried. 5 mL of DMF was added, followed by 0.230 g of RuCl3•xH2O (ca. 45% Ru, 
1.0 mmol Ru) and 0.794 g (2.72 mmol) of flpy. The solution was sparged with N2 for 20 minutes, 
then heated to reflux for 8 hours to yield a purple-black solution. The flask was removed from 
heat, diluted with 15 mL acetone, and placed in a -10 °C refrigerator overnight. 70 mL of diethyl 
ether was added and the mixture was cooled in a refrigerator for 30 minutes. The purple 
precipitate formed was filtered off and washed with diethyl ether to yield Ru(flpy)2Cl2 (0.378 g, 
50%). 1H NMR (400 MHz, DMSO-d6) δ = 7.48 (d, 2H), 7.95 (d, 2H), 8.27 (d, 2H), 9.26 (s, 2H), 
9.43 (s, 2H), 10.15 (d, 2H). 19F NMR (400 MHz, DMSO-d6) δ = 62.54 (s, 6F), -62.90 (s, 6F). 
 
2.2.3 Synthesis of 4′-methyl-[2,2′-bipyridine]-4-carbaldehyde 
Following literature procedure,111 1.0 g (5.4 mmol) of 4,4′-dimethyl-2,2′-bipyridine and 660 mg 
SeO2 (5.9 mmol) were added to a round-bottom flask with 50 mL 1,4-dioxane, then heated to 
reflux for 24 hours. The suspension turned yellow and formed a black precipitate over time. The 
reaction was removed from heat, hot filtered through a coarse glass frit, then cooled to room 
temperature. The solution was filtered again, then the yellow filtrate evaporated via rotary 
evaporator. The resulting residue was partially dissolved in ethyl acetate, then filtered again. The 
filtrate was extracted with 2x20 mL 1.0M NaOH and 3x20 mL 0.3M Na2S2O5. The five aqueous 
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fractions were combined and extracted with 5x20 mL CHCl3. The organic fractions were combined 
and the solvent was evaporated to yield pure 4′-methyl-[2,2′-bipyridine]-4-carbaldehyde (400 mg, 
37%). 1H NMR (400 MHz, CDCl3) δ = 2.50 (s, 3H), 7.22 (d, 1H), 7.75 (dd, 1H), 8.31 (s, 1H), 8.60 
(d, 1H), 8.86 (s, 1H), 8.92 (d, 1H), 10.21 (s, 1H). 
2.2.4 Synthesis of 4′-methyl-[2,2′-bipyridine]-4-carboxylic acid 
Following literature procedure,111 400 mg (2.0 mmol) of 4′-methyl-[2,2’-bipyridine]-4-
carbaldehyde was suspended in 20 mL of 95% ethanol. 378 mg (2.2 mmol) AgNO3 was added, 
followed by a dropwise addition of 10 mL 1.0M NaOH. The reaction was stirred at room 
temperature for 17 hours. Ethanol was removed via rotary evaporator and the suspension filtered 
to remove silver byproducts. The precipitate was washed with 3x2 mL 1.5M NaOH and 2 mL 
water. The aqueous filtrate and washes were combined and extracted with DCM, then acidified 
with ca. 6 mL 1:1 acetic acid:HCl to reach pH 3.5. A white precipitate formed upon acidification 
and refrigeration, and was filtered and dried to afford pure 4′-methyl-[2,2′-bipyridine]-4-carboxylic 
acid. 1H NMR (400 MHz, DMSO-d6) δ = 2.56 (s, 3H), 7.65 (d, 1H) 7.98 (dd, 1H), 8.58 (s, 1H), 8.68 
(d, 1H), 8.84 (s, 1H), 8.96 (d, 1H), 13.93 (s, 1H). 
 
2.2.5 Synthesis of [Ru(flpy)2(bpy-COOH)](PF6)2  
Per literature procedure,111 250 mg (0.33 mmol) Ru(flpy2)Cl2  was added to a suspension of 165 
mg (0.77 mmol) 4′-methyl-[2,2’-bipyridine]-4-carboxylic acid in 70% ethanol/30% water. The 
purple solution was heated to reflux for 12 hours, changing color to a dark orange-red over time. 
The solution was cooled to room temperature and ethanol removed via rotary evaporator. To the 
resulting aqueous solution, concentrated aqueous NH4PF6 was added dropwise, forming a red 
precipitate. NH4PF6 was added until no more precipitate was observed, then the solution was 
allowed to sit for 30 minutes. The precipitate was isolated via filtration and dried under vacuum. 
The dry solid was recrystallized via vapor diffusion of diethyl ether into acetonitrile, yielding 
[Ru(flpy)2(bpy-COOH)]PF6)2. 1H NMR (400 MHz, CD3CN) δ = 2.53 (s, 3H), 7.33 (d, 1H), 7.72 (m, 
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4H), 7.83 (m, 2H), 7.97-8.02 (m, 4H), 8.60 (s, 1H), 8.96 (m, 6H). 19F NMR (400 MHz, DMSO-d6) 
δ = -62.91 (s, 3F), -62.92 (s, 3F), -62.96 (s, 3F), -62.97 (s, 3F), -70.14 (d, 12F). 
 
2.2.6 Synthesis of [Ru(flpy)2(bpy-tyrOH)](PF6)2  
In accordance with a modified literature procedure,100 150 mg (0.13mmol) of [Ru(flpy)2(bpy-
COOH)](PF6)2 was dissolved in 15 mL SOCl2 in an oven-dried Schlenk flask and heated to reflux 
under N2 for 2 hours. The SOCl2 was evaporated via N2 stream and diverted via cannula into a 
scrubber filled with saturated aqueous Na2CO3. A solution of tyrosine ethyl ester (43 mg, 0.20 
mmol) and triethylamine (0.10 mL, 0.72 mmol) in 15 mL acetonitrile was sparged with N2 then 
added to the dry Ru(flpy)2(bpy-COCl) flask. White smoke and white crystals formed rapidly upon 
mixing. The resulting solution was heated to reflux for 2 hours under N2. The solution was cooled, 
filtered, and concentrated. Silica gel column chromatography was used to purify the crude 
reaction mixture. Of note, the partial exchange of chloride with hexafluorophosphate during the 
first reflux step greatly complicates purification. A gradient eluent of 1:1 acetone:DCM to acetone 
to 20:1 acetone:water to 100:10:1 acetone:water:saturated aqueous potassium nitrate was used. 
Following chromatography, [Ru(flpy)2(bpy-tyrOH)](PF6)2 was recrystallized via vapor diffusion of 
diethyl ether into acetonitrile, affording the pure product. 1H NMR (400 MHz, CD3CN) δ = 1.24 (dt, 
3H), 2.61 (s, 3H), 3.10 (dd, 1H), 3.23 (dd, 1H), 4.17 (dq, 2H), 4.83 (m, 1H), 6.74 (dd, 2H), 6.86 
(br s, 1H), 7.13 (dd, 2H), 7.35 (d, 2H), 7.65 (t, 2H), 7.73 (m, 4H), 7.83 (dd, 1H), 7.96 (dd, 1H), 
8.02 (m, 3H), 8.55 (s, 1H), 8.77 (s, 1H), 8.96 (s, 4H). 13C {1H} NMR (600 MHz, DMSO) δ = 14.49 
(s), 21.24 (s), 36.07 (s), 55.36 (s), 115.58 (s), 121.98 (s), 122.25-122.45 (m, CF3), 123.73 (s), 
124.33-124.72 (m), 125.73 (s), 125.75 (s), 125.76 (s), 127.53 (s), 129.64 (s), 130.43 (s), 130.45 
(s), 137.86 (s), 155.55 (s), 155.59 (s), 156.50 (s), 157.52 (s), 157.75 (s), 158.05 (s), 171.71 (s). 
19F {1H} NMR (400 MHz, CD3CN) δ = -65.25 (s, 3F), -65.26 (s. 3F), -65.27 (s, 3F), -65.28 (s, 3F), 
-72.85 (d, 12F). 
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2.2.7 Synthesis of [Ru(flpy)2(bpy)](PF6)2 
Following literature procedure,112 252 mg (0.33 mmol) Ru(flpy)2Cl2 and 64 mg (0.41 mmol) 2,2’-
bipyridine were dissolved in 5:1 methanol:acetic acid and heated to reflux for 6 hours. Solvent 
was removed via rotary evaporation. The crude product was dissolved in water and concentrated 
aqueous NH4PF6 was added to precipitate [Ru(flpy)2(bpy)](PF6)2. The crude precipitate was 
filtered off and recrystallized via vapor diffusion of diethyl ether into acetonitrile. 1H NMR (400 
MHz, DMSO-d6) δ = 7.55 (t, 2H), 7.76 (d, 2H), 7.85 (d, 2H), 7.95 (m, 4H), 8.10 (d, 2H), 8.25 (t, 
2H), 8.86 (d, 2H), 9.57 (d, 4H). 19F NMR (400 MHz, DMSO-d6) δ = -62.93 (s, 6F), -62.95 (s, 6F), 
-70.14 (d, 12F). 
2.3 Results 
2.3.1 Synthesis of [Ru(flpy)2(bpy-tyrOH)](PF6)2 and [Ru(flpy)2(bpy)](PF6)2 
4,4′-bis(trifluoromethyl)-2,2′-bipyridine (flpy) was synthesized via the Negishi coupling of 2-
chloro-4-trifluoromethylpyridine with a dibromobis(triphenylphosphine)nickel (II) catalyst.109 The 
flpy ligand was subsequently reacted with RuCl3·xH2O to afford Ru(flpy)2Cl2.110 In parallel, 4,4′-
dimethyl-2,2′-bipyridine was sequentially oxidized by SeO2 and AgNO3/NaOH to selectively yield 
the monocarboxylate product, 4'-methyl-[2,2'-bipyridine]-4-carboxylic acid (bpy-COOH).111 This 
ligand was reacted with the previously prepared Ru(flpy)2Cl2 to yield [Ru(flpy)2(bpy-COOH)]Cl2. 
Anion exchange with NH4PF6 was performed to yield the acetonitrile-soluble complex 
[Ru(flpy)2(bpy-COOH)](PF6)2. Activation of the isolated product with SOCl2 and subsequent 
reaction with tyrosine ethyl ester generated the amide coupled [Ru(flpy)2(bpy-tyrOH)](PF6)2 
(Figure 2.3).100 [Ru(flpy)2(bpy)](PF6)2 was prepared by the direct reaction of Ru(flpy)2Cl2 with 2,2’-
bipyridine (bpy) to produce [Ru(flpy)2(bpy)]Cl2, followed by anion exchange.112 
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Figure 2.3 Synthesis of [Ru(flpy)2(bpy-tyrOH)](PF6)2 
2.3.2 Ground and excited-state thermochemical properties of [Ru(flpy)2(bpy-tyrOH)]2+ 
Cyclic voltammograms of [Ru(flpy)2(bpy-tyrOH)]2+ recorded in acetonitrile reveal three 
reversible one-electron reduction features with E1/2 at –1.27, –1.46, and –1.85 V vs Fc+/0 (Figure 
2.4 and Table 2.1). The first two waves are assigned to the reduction of the flpy ligands, while the 
third feature corresponds to the reduction of the bpy-tyrOH ligand. A reversible oxidative feature 
is also observed at +1.22 V vs Fc+/0, corresponding with the metal-based RuIII/II oxidation. For 
comparison, [Ru(flpy)2(bpy)]2+ displays nearly identical features for the flpy and bpy-based 
reductions (–1.27, –1.47, –1.97 V vs Fc+/0, Figure 2.4 and Table 2.1) and the RuIII/II oxidation 




Figure 2.4 Cyclic voltammograms of (top) [Ru(flpy)2(bpy-tyrOH)]2+ and (bottom) [Ru(flpy)2(bpy)]2+ 
recorded at 100 mV/s in acetonitrile with 0.1 M [NBu4][PF6]. 
Voltammograms of [Ru(flpy)2(bpy-tyrOH)]2+ also contain an irreversible oxidative wave near +1 
V vs Fc+/0 that is not present in voltammograms of [Ru(flpy)2(bpy)]2+. From the irreversible nature 
of this voltammetric feature along with its location, it is assigned to the oxidation of the tyrosine 
moiety.57,63,113 Even at high scan rates, this feature remained irreversible. Thus, standard cyclic 
voltammetry techniques could not be used to determine the formal potential from the irreversible 
waves observed. Typically, the determination of formal potentials for phenols and phenolates 
requires the use of second harmonic alternating current voltammetry, photomodulated 
voltammetry or high scan rate cyclic voltammetry (>4000 V/s).114–116 As such, we have 
approximated the formal potentials of the tyrOH•+/0 and tyrO•/– couples of the pendant tyrosine 
moiety with the reported value of 4-methylphenol in acetonitrile: E°′(4-MePhOH+/0) = +1.16 V and 
E°′(4-MePhO•/–) = –0.03 V vs Fc+/0.114,115 4-methylphenol was chosen due to its structural 
similarities to tyrosine; the phenol moiety on tyrosine is connected to the complex through a 
methylene bridge at the para position, which is best approximated by the methyl group on 4-
methylphenol. 
The excited state reduction potentials of the ruthenium complexes were estimated from the 
ground state reduction potentials and the free energy stored in the excited state (ΔGES), obtained 
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from steady-state emission spectra of the two complexes, per Eq. 2.1 and 2.2 wherein e denotes 
the elementary charge.117–119  
 
𝐸°′(𝑅𝑢𝐼𝐼∗/𝑅𝑢𝐼𝐼(𝑓𝑙𝑝𝑦●−)) = 𝐸°′(𝑅𝑢𝐼𝐼/𝑅𝑢𝐼𝐼(𝑓𝑙𝑝𝑦●−)) + Δ𝐺𝐸𝑆/𝑒  Eq. 2.1 
𝐸°′(𝑅𝑢𝐼𝐼𝐼/𝑅𝑢𝐼𝐼∗) = 𝐸°′(𝑅𝑢𝐼𝐼𝐼/𝑅𝑢𝐼𝐼) − Δ𝐺𝐸𝑆/𝑒     Eq. 2.2 
 
Both [Ru(flpy)2(bpy-tyrOH)]2+ and [Ru(flpy)2(bpy)]2+ phosphoresce, with λmax of 652 nm and 654 
nm respectively (Figure 2.5). ΔGES was found via Franck-Condon analysis of the emission of 
[Ru(flpy)2(bpy-tyrOH)]2+ at 77K in 2-methyltetrahydrofuran, yielding a value of 2.01 eV (Figure 
2.6). The excited state reduction potential, 𝐸°′(𝑅𝑢𝐼𝐼∗/𝑅𝑢𝐼𝐼(𝑓𝑙𝑝𝑦●−)), is calculated as +0.73 V vs 
Fc+/0 for [Ru(flpy)2(bpy-tyrOH)]2+ and +0.74 V vs Fc+/0 for [Ru(flpy)2(bpy)]2+ (Table 2.1).119 Similarly, 
the excited-state oxidation potentials, 𝐸°′(𝑅𝑢𝐼𝐼𝐼/𝑅𝑢𝐼𝐼∗), are –0.79 and –0.77 V vs Fc+/0 for 
[Ru(flpy)2(bpy-tyrOH)]2+ and [Ru(flpy)2(bpy)]2+ respectively.  
The pKa of 4-methylphenol (26.35 in acetonitrile) was used to estimate the pKa of the phenolic 
proton of the tyrosine moiety of [Ru(flpy)2(bpy-tyrOH)]2+. This value, along with E°′(4-MePhOH•+/0) 
and E°′(4-Me-PhO•/–), were used to estimate the pKa of the tyrosyl radical cation via Hess’s Law 





Figure 2.5 (A) Steady-state photoluminescence of [Ru(flpy)2(bpy-tyrOH)]2+ in acetonitrile at room 
temperature. λex = 405 nm. and (B) Steady-state photoluminescence of [Ru(flpy)2(bpy-tyrOH)]2+ 
in 2-methyltetrahydrofuran at 77 K. Franck-Condon analysis gives E00 of 2.01 eV. λex = 365 nm. 
 
Figure 2.6 Steady-state photoluminescence of [Ru(flpy)2(bpy)]2+ in acetonitrile at room 
temperature. λex = 405 nm. 
 
Table 2.1 Ground state and excited-state reduction potentials of ruthenium complexes used 
reported as V vs. Fc+/0 in acetonitrile with 0.1M [NBu4][PF6]. 
complex RuIII/II RuII*/RuII(flpy–) RuIII/II* flpy10/– flpy20/– bpy0/– tyrOH•+/0 tyrO•/– 
[Ru(flpy)2(bpy-
tyrOH)]2+ 
1.22 0.73 -0.79 -1.27 -1.46 -1.85 1.16 -0.03 




2.3.3 [Ru(flpy)2(bpy-tyrOH)]2+ Photochemistry in the Presence of Methyl Viologen and 
Pyridines 
 
Both [Ru(flpy)2(bpy-tyrOH)]2+ and [Ru(flpy)2(bpy)]2+ exhibit absorbance features attributed to the 
metal-to-ligand charge transfer (MLCT) transition in the region of 430-480 nm (Figure 2.7 and 
2.8). In acetonitrile solution, excitation yields [RuIII(flpy•–)(flpy)(bpy-tyrOH)]2+* or [RuIII(flpy•–
)(flpy)(bpy)]2+* (Ru2+*) as evident through bleaching of the MLCT region observed via transient 
absorption spectroscopy and detected photoluminescence (λmax = 652-654 nm, Figures 2.5 and 
2.6). Excited-state lifetimes of τ = 810 ns for [Ru(flpy)2(bpy-tyrOH)]2+ (Figure 2.9) and τ = 740 ns 
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for [Ru(flpy)2(bpy)]2+ were determined by time-resolved photoluminescence measurements 
(Figure 2.9). Based on the thermochemical parameters described above, oxidation of the tyrosine 
moiety upon photoexcitation of [Ru(flpy)2(bpy-tyrOH)]2+ is not anticipated, as the excited state is 
not sufficient to oxidize neutral tyrosine (ΔG = +7.8 kcal/mol). The similar and long-lived excited 
states observed for [Ru(flpy)2(bpy-tyrOH)]2+ and [Ru(flpy)2(bpy)]2+ indicate that the [RuIII(flpy•–
)(flpy)(bpy-tyrOH)]2+* is not quenched via intramolecular electron transfer. 
 
Figure 2.7 Absorbance spectra of [Ru(flpy)2(bpy-tyrOH)]2+ and methyl viologen radical cation 
(MV•+) in acetonitrile. 
 
Figure 2.8 Normalized absorbance spectrum of [Ru(flpy)2(bpy)]2+ in acetonitrile. 
 
In the presence of methyl viologen (MV2+), the photoluminescence lifetimes of [Ru(flpy)2(bpy-
tyrOH)]2+ and [Ru(flpy)2(bpy)]2+ are attenuated, consistent with oxidative quenching of the excited 
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state (E°′(MV2+/•+) = –0.82V vs Fc+/0). Stern-Volmer analysis of this photoluminescence quenching 
yields kq values of 4.0 × 106 M-1 s-1 for [Ru(flpy)2(bpy-tyrOH)]2+ and 4.5 × 106 M-1 s-1 for 
[Ru(flpy)2(bpy)]2+ (Figures 2.9 and 2.10 respectively). These values, which are substantially lower 
than that of [Ru(bpy)3]2+ (kq = 2.4 × 109 M-1 s-1) and related complexes, are attributed to the 
endergonic nature of quenching (ΔE = +30–50 mV) , as compared to unsubstituted [Ru(bpy)3]2+ 
(ΔE = –370 mV).88,121 Photoluminescence lifetimes in both the presence and absence of MV2+ 
were not significantly perturbed by the presence of pyridine within the range of concentrations 
used in this study (Figure 2.11). 
 
Figure 2.9 Quenching of [Ru(flpy)2(bpy-tyrOH)]2+ photoluminescence at 640 nm by 0-100 mM 
methyl viologen in acetonitrile with 0.1 M [NBu4][PF6] and 100 μM pyridine. Inset: Stern-Volmer 
analysis of quenching. 
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Figure 2.10 Stern-Volmer quenching analysis of [Ru(flpy)2(bpy)]2+ by MV2+ gives kq = 4.54 x 106 








Figure 2.11 Stern-Volmer quenching of [Ru(flpy)2(bpy-tyrOH)]2+ by MV2+ in the presence of 
varying concentrations of pyridine yields an average kq = 3.96 x 106 M-1 s-1 and average k0 = 1.23 
x 106 s-1. No significant difference in the quenching rate constant kq is observed when pyridine is 
present. 
 
Oxidative quenching of Ru2+* by MV2+ produces [RuIII(flpy)2(bpy-tyrOH)]3+ (Ru3+), a powerful 
oxidant, and MV•+, an organic radical which absorbs strongly at 397 nm (ε = 41800 M-1 cm-1) and 
605 nm (ε = 13900 M-1 cm-1) (Figure 2.7).122 In contrast to Ru2+*, the 1-electron oxidized complex 
Ru3+ is capable of oxidizing tyrosine via intramolecular ET (ΔG = -1.6 kcal/mol). The kinetics for 
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this excited-state electron transfer reaction were probed via transient absorption spectroscopy by 
monitoring the growth of the MV•+ absorbance at 397 nm and the bleach of the Ru2+ ground state 
absorbance at 440 nm, and comparing the reactivity of [Ru(flpy)2(bpy-tyrOH)]2+ to the control 
complex, [Ru(flpy)2(bpy)]2+. Excitation of [Ru(flpy)2(bpy)]2+ in the presence of MV2+ gives rise to 
biphasic kinetics of the bleach at 440 nm; short-lived component is attributed to decay of Ru2+* 
after excitation, followed by a prolonged component consistent with the formation and subsequent 
recombination of Ru3+ (Figure 2.12, top).88 Concurrently, a strong transient feature is observed at 
397 nm corresponding to the stoichiometrically generated MV•+. As these photoproducts 
recombine, both signals decay back to baseline following well-defined, second-order equal 
concentration kinetics (kBET,1 = 2.5 × 109 M-1 s-1). In contrast, the kinetics of the [Ru(flpy)2(bpy-
tyrOH)]2+ upon excitation in the presence of MV2+ and pyridine are incongruous (Figure 2.12, 
bottom). The 440 nm bleach is short (ca. 10 μs) relative to the decay of the MV•+ signal (ca. 100 
μs). As the Ru3+ species formed upon oxidative quenching is sufficiently powerful to oxidize the 
tyrosine moiety, the accelerated recovery of the Ru2+ signal at 440 nm relative to MV•+ decay is 
consistent with intramolecular electron transfer from tyrOH (Figure 2.13). In the case of both 
[Ru(flpy)2(bpy)]2+ and [Ru(flpy)2(bpy-tyrOH)]2+, the majority of the biphasic 440 nm bleach 






Figure 2.12 Transient absorption spectra of (top) 60 μM [Ru(flpy)2(bpy)]2+ and 100 mM MV2+ and 
(bottom) 40 μM [Ru(flpy)2(bpy-tyrOH)]2+, 100 mM MV2+ and 100 μM pyridine. For the model 
complex (top), the photoproducts observed at 397 and 440 nm decay with the same second-order 
equal concentration kinetics. By contrast, the kinetics traces at these two wavelengths are 
incongruous for [Ru(flpy)2(bpy-tyrOH)]2+ when methyl viologen and pyridine are present, 






Figure 2.13 Mechanisms for regeneration of Ru2+ for (A) [Ru(flpy)2(bpy)]2+ and (B) [Ru(flpy)2(bpy-
tyrOH)]2+ upon excited-state quenching by MV2+. 
 
Pyridine bases, which have pKa values between that of the neutral tyrosine and tyrosine radical 
cation, can act as effective proton acceptors when the tyrosine moiety on [Ru(flpy)2(bpy-tyrOH)]2+ 
is oxidized. A series of five pyridine bases are used in this study with pKa values ranging from 
10.75 to 14.98 in acetonitrile.123,124 These bases are all strong enough to deprotonate the tyrosine 
radical cation (pKa = 6.32), but will not deprotonate tyrosine prior to oxidation (pKa = 26.35). A 
range of pyridine concentrations were used to examine how the presence of these bases 
influences the photochemical kinetics. Although the excited-state lifetimes and PL quenching rate 
constants of [Ru(flpy)2(bpy)]2+ and [Ru(flpy)2(bpy-tyrOH)]2+ are broadly unaffected by the addition 
of pyridine (see above, Figure 2.11), substantial changes in the photochemical kinetics of the 
[Ru(flpy)2(bpy-tyrOH)]2+/MV2+ system are observed when pyridine is added (Figure 2.14). As 
pyridine concentration is increased from 10 μM to 10 mM, the bleach regeneration kinetics at 440 
nm are accelerated. This acceleration indicates that deprotonation of tyrosine influences the 
intramolecular ET kinetics that regenerate the Ru2+ signal. The decay of the MV•+ transient signal 
at 397 nm is also affected by the addition of pyridine; faster decay dynamics are observed as 
pyridine concentrations are increased or when stronger substituted pyridine bases are used. 
Neither the transient spectra obtained at 440 nm nor 397 nm fit to first- or second-order kinetics, 





Figure 2.14 Kinetics traces recorded at (A) 397 nm and (B) 440 nm for [Ru(flpy)2(bpy-tyrOH)]2+ 
with 100 mM methyl viologen and various concentrations of pyridine. λex = 475 nm, 0.1 M 
[NBu4][PF6] acetonitrile solution.  
 
 
A H/D kinetic isotope effect study was also performed to investigate the influence of proton 
transfer on the reaction kinetics. [Ru(flpy)2(bpy-tyrOD)]2+ was prepared by stirring [Ru(flpy)2(bpy-
tyrOH)]2+ in CD3OD for 2 days in a nitrogen glovebox. Upon isolation, samples containing 
[Ru(flpy)2(bpy-tyrOD)]2+, 100 mM methyl viologen and 0 or 10 μM pyridine were immediately 
prepared and their reactivity upon photoexcitation was examined via TA spectroscopy, in 
analogue to the experiments described above. No discernable difference in reaction kinetics at 
397 or 440 nm were observed between samples containing [Ru(flpy)2(bpy-tyrOH)]2+ vs. 





Figure 2.15 Kinetics traces for [Ru(flpy)2(bpy-tyrOH)]2+ (red) and [Ru(flpy)2(bpy-tyrOD)]2+ (blue) 
with 100 mM MV2+ show no change between the proteo- and deutero- species in samples without 
base or with 10 μM pyridine. λex = 475 nm, λobs = 397 nm (top traces), λobs = 440 nm (bottom 
traces), 0.1 M [NBu4][PF6] acetonitrile solution. 
2.4 Kinetics Analysis 
2.4.1 Considerations for Modeling Kinetics Traces  
As the TA kinetics observed upon excitation of [Ru(flpy)2(bpy-tyrOH)]2+ in the presence of 
methyl viologen and pyridine could not be fit to single exponential or second-order kinetics 
models, rigorous kinetics modeling was necessary to resolve the reaction system. To accomplish 
this, kinetics simulations for the models introduced below were performed and compared to the 
experimental data. Briefly, a series of differential equations describing the change in 
concentrations of reactants, intermediates and products vs. time as defined by the kinetics models 
introduced below were input to an ordinary differential equation solver in MATLAB.47,84,106  
Concentration profiles describing the change in concentration of each of these species vs. time 
were generated from the initial concentrations of reactants and rate constants for elementary 
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reaction steps in each model (Figures 2.15 through 2.18). From these, simulated kinetics traces 
were constructed via the Beer-Lambert law and the extinction coefficient for each species (Table 
2.2) at the wavelength of interest. These simulated spectra were then overlaid with experimentally 
obtained spectra to check for agreement with the experimental data. Independently determined 
rate constants (e.g. k0, kq) were fixed throughout the modeling process. Rate constants that could 
not be independently measured were iteratively varied to find agreement with the experimental 
data. As there are no significant changes in k0 or kq for [Ru(flpy)2(bpy-tyrOH)]2+ in the 
presence of pyridine (Figure 2.11), it is assumed that k0 = k0’ and kq = kq’. Furthermore, 
as is commonly assumed, KA = KA’ = KA”,45,125 although recently other treatments have 
also been applied.126 
 
 
Figure 2.15 CPET kinetics model for tyrosine oxidation. Note that this model was only used to 
investigate 440 nm kinetics and was not extended to incorporate methyl viologen back electron 







𝐼𝐼∗_𝑡𝑦𝑟𝑂𝐻][𝑀𝑉2+]  − 𝑘𝐴′[𝑅𝑢
𝐼𝐼∗_𝑡𝑦𝑟𝑂𝐻][𝑝𝑦]  
+ 𝑘𝐴′





𝐼𝐼∗_𝑡𝑦𝑟𝑂𝐻 ··· 𝑝𝑦]  − 𝑘𝑞[𝑅𝑢
𝐼𝐼∗_𝑡𝑦𝑟𝑂𝐻 ··· 𝑝𝑦][𝑀𝑉2+]  
+ 𝑘𝐴′[𝑅𝑢
𝐼𝐼∗_𝑡𝑦𝑟𝑂𝐻][𝑝𝑦]  − 𝑘𝐴′





𝐼𝐼∗_𝑡𝑦𝑟𝑂𝐻][𝑀𝑉2+]  − 𝑘𝐴′′[𝑅𝑢
𝐼𝐼𝐼_𝑡𝑦𝑟𝑂𝐻][𝑝𝑦]  + 𝑘𝐴′′
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𝐼𝐼𝐼_𝑡𝑦𝑟𝑂𝐻][𝑝𝑦] 
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𝐼𝐼𝐼_𝑡𝑦𝑟𝑂𝐻 ··· 𝑝𝑦] 
 
Figure 2.16 Differential equations used in CPET kinetics model. 
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Table 2.2 Extinction Coefficients used in Kinetics Models 
 
Species ε at 397 nm (M-1 cm-1) ε at 440 nm (M-1 cm-1) 
MV2+ 0 0 
MV•+ 41800 0 
Ru2+ 0 14180 
Ru2+* 0* 3760 
Ru3+ 0† 2000 
tyrOH 0 0 
tyrOH•+ 0‡ 0 
tyrO• 0‡ 0 
py 0 0 
pyH+ 0 0 
*As the Ru2+/Ru2+* isosbestic point for most excited [Ru(bpy)3]2+ complexes falls near 397 nm, 
and TA only measures differences in absorbance, these values are approximated to be 0. 
†The change in extinction coefficient from Ru2+/Ru2+* to Ru3+ at 397 nm (ca. 400 M-1 cm-1) is 
insignificant relative to the large extinction coefficient of MV•+ and was approximated as 0.127 
‡Phenol radicals typically exhibit extinction coefficients of ca. 3200 M-1 cm-1 at peaks ranging 
from 385-405 nm, which are also insignificant relative to the extinction coefficient of MV•+ and 
was not considered in these kinetics simulations.128 
 
2.4.2 Identifying the Mechanism of Tyrosine Oxidation 
Several stepwise pathways and a concerted mechanism for the intramolecular PCET oxidation 
of tyrosine by Ru3+ were considered in preliminary kinetics modeling. Intramolecular oxidation of 
tyrosine by Ru2+* was not considered viable due to a lack of anticipated photoproducts  
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([RuII(flpy●–)(flpy)(bpy-tyrOH●+)]2+ or [RuII(flpy●-)(flpy)(bpy-tyrO●)]+) for the reaction of 
[Ru(flpy)2(bpy-tyrOH)]2+ with pyridine in the absence of MV2+, as well as the endergonic nature of 
the reaction (ΔGET = + 7.8 kcal/mol). Among the Ru3+ pathways considered, a PT-ET pathway 
was ruled out due to the very large pKa difference between tyrosine and pyridinium (26.35 and 
12.53 in acetonitrile, respectively).120,124 At the pyridine concentrations used, insufficient tyrosinate 
is formed to account for the magnitude of the spectral signals observed. Stepwise ET-PT 
pathways and a concerted pathway were then screened to evaluate whether or not they could 
qualitatively match salient observations in the experimental data. Specifically, could kinetics 
models based on these reaction schemes replicate the accelerated bleach recovery of the Ru2+ 
signal at 440 nm and the transient decay of MV+ at 397 nm observed with increasing base 
concentration? From this screening, a mechanism based on irreversible ET from the tyrosine to 
Ru3+ followed by PT was ruled out, as simulated kinetics traces for ET from the tyrosine to Ru3+ 
(440 nm) do not have a dependence on base concentration, while the experimental data does. 
The remaining two schemes considered were (1) CPET oxidation of a hydrogen bound tyrosine-
pyridine adduct by Ru3+ and (2) an intramolecular ET oxidation of tyrosine by Ru3+ under 
equilibrium ([RuIII(flpy)2(bpy-tyrOH)]3+ ⇌ [RuII(flpy)2(bpy-tyrOH●+)]3+) followed by irreversible 
deprotonation of the tyrosine radical cation by a pyridine base. 
First, a CPET mechanism was considered (without competing PCET mechanisms operating in 
parallel). Hydrogen bonding between reactants is generally necessary for CPET reactions 
because of both the highly ordered nature of the concerted transition state and the reaction 
reorganization energy of PCET reactions.43,45,46,55,126,129,130 As such, we make the assumption that 
a hydrogen bonding pre-equilibrium between the tyrosine moiety and pyridine base in solution is 
necessary for a CPET mechanism. Following laser excitation and oxidative quenching by MV2+, 
the hydrogen-bound Ru3+-tyrOH···py species would undergo a CPET reaction, forming the neutral 
tyrosyl radical and conjugate pyridinium acid, and regenerating Ru2+ (Figure 2.19). If this proposed 
mechanism is dominant, higher concentrations of pyridine will increase the hydrogen bonding 
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between tyrosine and pyridine, resulting in higher observed rates of CPET and faster regeneration 
of Ru2+. However, at the concentrations of pyridine used in this study less than 1% of 
[Ru(flpy)2(bpy-tyrOH)]2+ in solution forms a hydrogen-bound adduct (based on the hydrogen 
bonding equilibrium constant of the tyrosine-pyridine adduct measured in acetonitrile via 1H NMR, 
KA = 0.80 M-1, Figure 2.20).45 This fraction of adduct is too small to account for the amount of 
[RuII(flpy)2(bpy-tyrO●)]2+ generated, based on the spectral changes observed. To match the 
experimental data with this hydrogen-bonding equilibrium constant, kinetics modeling of this 
reaction pathway (Scheme S2) shows that a forward rate constant for hydrogen bond formation 
significantly higher than the diffusion limit would be required. Specifically, simulated kinetics 
traces at 440 nm using this CPET model with [pyridine] = 10 mM do not return to the baseline 
before ca. 20 μs unless kA ≥ 1012 M-1 s-1. Furthermore, in experimental kinetics traces, rapid 
regeneration of the Ru2+ absorbance at 440 nm is observed in the reaction of [Ru(flpy)2(bpy-
tyrOH)]2+ and MV2+ in the absence of pyridine, indicating that the tyrosine can be oxidized without 
a hydrogen-bound base. Lastly, we observed no kinetic isotope effect for the reaction kinetics; 
CPET mechanisms are generally accompanied by small but significant H/D KIEs.42,45,67,113,126 For 
these reasons, a CPET mechanism for tyrosine oxidation is precluded. 
 
Figure 2.19 CPET reaction model tested by kinetics simulation 
51 
 
Figure 2.20 Tyrosine-pyridine hydrogen bonding in acetonitrile as quantified from 1H NMR shift 
of the phenolic proton (δ) upon addition of pyridine. Tyrosine concentration was held constant at 
25mM. The association constant was found via a two-parameter fit for KA and δtyrOH···py, the 
chemical shift of the hydrogen bound tyrosine-pyridine complex at infinite pyridine concentration, 
per the procedure described in reference 45.45  
Subsequently, we considered an ET-PT model in which the [RuIII(flpy)2(bpy-tyrOH)]3+ and 
[RuII(flpy)2(bpy-tyrOH●+)]3+ states are in equilibrium due to the small energy difference between 
them (1.38 kcal/mol). Based on the pKa of the tyrOH●+ moiety (6.32 in acetonitrile), deprotonation 
of [RuII(flpy)2(bpy-tyrOH●+)]3+ by the pyridines used in this study as proton acceptors is facile (pKa 
of the conjugate pyridiniums range 10.75 to 14.98 in acetonitrile).123,124 Irreversible PT thus shifts 
the ET equilibrium (Figure 2.21) and confers a base dependence on the ET dynamics of the Ru2+ 
signal regeneration and the experimental 440 nm kinetics data were qualitatively modeled with 
reasonable rate constants.  
 
Figure 2.21 Equilibrium ET-PT model for the PCET oxidation of tyrosine. 
 
2.4.3 Implementation of an equilibrium ET-PT Model to Simulate Kinetics Traces 
Based on agreement between the experimental 440 nm TA data and the simulated kinetics 
traces for a reversible ET-PT model, we pursued a comprehensive kinetics model incorporating 
both the PCET oxidation of tyrosine and the recombination of MV•+ with the oxidized complex 
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(Figures 2.22 through 2.26). To accurately determine the concentration of [Ru(flpy)2(bpy-
tyrOH)]2+* formed immediately upon photoexcitation ([Ru(flpy)2(bpy-tyrOH)2+*]0), a precise 
measurement of the Ru2+* triplet excited-state extinction coefficient at 440 nm was required. This 
was determined through a laser power study with a dilute sample (16 μM) of [Ru(flpy)2(bpy-
tyrOH)]2+. The excitation laser pulse power was increased until the [Ru(flpy)2(bpy-tyrOH)]2+ MLCT 
bleach intensity at 440 nm approached an asymptote (Figure 2.27), indicating the excitement of 
the sample across the full path length of the cuvette (1 cm).131 As intersystem crossing yields to 
the triplet excited states are near unity for [Ru(bpy)3]2+ complexes, the residual ΔAbs at the probe 
wavelength is then attributed to unity conversion to the triplet excited-state species.88,131,132 From 
this, the difference in the molar extinction coefficients between the ground and excited state 
species (Δε) is found and the triplet excited-state extinction coefficient (εT*) was determined (3760 
M-1 cm-1 at 440 nm). This is comparable to that of [RuIII(bpy)2(bpy•–)]2+* (εT* = 5200 M-1 cm-1 at 440 
nm).133 
 
Figure 2.22 Comprehensive model of [Ru(flpy)2(bpy-tyrOH)]2+ reactivity with MV2+ and pyridine. 
Blue arrows denote electron transfers and red arrows denote proton transfers. pKa of pyridinium 
= 12.53 in acetonitrile. 
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Figure 2.23 Comprehensive model with relative thermochemical energies for the photoinduced 
reactivity of [Ru(flpy)2(bpy-tyrOH)]2+ with MV2+ and 3-acetylpyridine. pKa of 3-acetylpyridinium = 
10.75 in acetonitrile. 
 
Figure 2.24 Comprehensive model with relative thermochemical energies for the photoinduced 




Figure 2.25 Comprehensive model with relative thermochemical energies for the photoinduced 
reactivity of [Ru(flpy)2(bpy-tyrOH)]2+ with MV2+ and 2,6-lutidine. pKa of 2,6-lutidinium = 14.13 in 
acetonitrile. 
 
Figure 2.26 Comprehensive model with relative thermochemical energies for the photoinduced 





Figure 2.27 Ruthenium bleach intensity at 440 nm of 16 μM [Ru(flpy)2(bpy-tyrOH)]2+ as a function 
of laser pulse energy yields the triplet excited-state extinction coefficient of [Ru(flpy)2(bpy-
tyrOH)]2+*. λex = 475 nm, λobs = 440 nm, 0.1 M [NBu4][PF6]. 
Each rate constant in Figure 2.22 that could be isolated through an independent measurement 
(k0, kq kBET,1) was experimentally determined and fixed in the model, as described above (Table 
2.3). The remaining rate constants (kIMET, kPT, kBET,2, kBET,3) were found via comprehensive kinetics 
modeling as described below. As outlined below, kinetics traces without pyridine were analyzed 
first, followed by kinetics traces with pyridine to simplify analysis. 
440 nm kinetics traces for samples without pyridine were modeled to determine the rate 
constants for intramolecular electron transfer, kIMET and kIMET-1. With knowledge of the initial 
excited-state concentration of [Ru(flpy)2(bpy-tyrOH)]2+* as well as the k0 and kq rate constants from 
Stern-Volmer analysis of photoluminescence quenching by MV2+, regeneration of Ru2+ from Ru3+ 
via intramolecular oxidation of tyrosine was the only remaining elementary step necessary to 
model these kinetics. The equilibrium between [RuIII(flpy)2(bpy-tyrOH)]3+ and [RuII(flpy)2(bpy-
tyrOH●+)]3+ is quantified by KIMET = kIMET / kIMET-1 = 10.7, which can be calculated from the free 
energy difference of the two states (ΔGIMET = -1.38 kcal/mol). The forward rate constant for ET 
(kIMET) was adjusted iteratively until the simulated traces agreed with experimental data (kIMET = 
2.5 × 105 s-1, Figure 2.28). This intramolecular ET equilibrium is sufficiently exergonic to result in 
a majority (ca. 85%) recovery of the Ru2+ signal at 440 nm before accounting for equilibrium shifts 
due to deprotonation of [RuII(flpy)2(bpy-tyrOH●+)]3+ (when base is added, see below) or 
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Figure 2.28 Kinetics traces of [Ru(flpy)2(bpy-tyrOH)]2+ with 100 mM MV2+ in the absence of base 
at 440 nm (blue trace) and 397 nm (red trace) along with kinetics modeling (markers). λex = 475 
nm, 0.1 M [NBu4][PF6] in acetonitrile. 
 
The 397 nm kinetics traces, monitoring the decay of the MV•+ signal, do not follow second-order 
equal concentration kinetics as would be expected if the stoichiometrically generated MV•+ 
recombined with only a single ruthenium–tyrosine photoproduct. This indicates that multiple back 
electron transfer (BET) pathways are operative. Three BET pathways (Figure 2.22) were identified 
as necessary to model the experimental data: recombination of MV•+ with (1) [RuIII(flpy)2(bpy-
tyrOH)]3+ (kBET,1), (2) [RuII(flpy)2(bpy-tyrOH●+)]3+ (kBET,2), and (3) [RuII(flpy)2(bpy-tyrO●]2+ (kBET,3). 
The first two recombination pathways are operative in all samples, the third occurs only when the 
oxidized tyrosine moiety is deprotonated by pyridine. To isolate kBET,1, the [Ru(flpy)2(bpy)]2+ model 
complex was utilized. [Ru(flpy)2(bpy)]2+ has near-identical redox potentials to [Ru(flpy)2(bpy-
tyrOH)]2+ but as it lacks the PCET-active tyrosine moiety, the complex only undergoes simple 
outer sphere ET reactions with methyl viologen. Recombination of MV•+ with [RuIII(flpy)2(bpy)]3+ 
follows second-order equal-concentration kinetics, as described above, allowing facile 
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determination of kBET,1 (2.5 x 109 M-1 s-1). Of note, the recombination kinetics were not significantly 
influenced by the presence of pyridine bases at the concentrations used in this study (Figure 
2.29). Considering the larger relative driving forces for recombination between MV•+ with 
[RuIII(flpy)2(bpy)]3+ (-47.3 kcal/mol) and with [RuIII(bpy)3]3+ (-39.9 kcal/mol), which place these 
reactions in the Marcus inverted region, it is consistent that the rate constant for former (2.5 × 109 
M-1 s-1) is slower than that reported for the latter (8.3 × 109 M-1 s-1).134 
 
Figure 2.29 Back electron transfer rate constants for [Ru(flpy)2(bpy)]3+ with MV•+ in the presence 
of various concentrations of substituted pyridines. Samples containing ca. 40 μM 
[Ru(flpy)2(bpy)]2+, 100 mM MV2+, and varying concentrations of pyridines were excited, yielding 
[Ru(flpy)2(bpy)]3+ and MV•+. The subsequent recombination was tracked via TA at 397 nm. From 
second-order equal concentration kinetics, 1/[MV•+] = kBET·t + C. By converting the traces to 
1/ΔOD, fitting to a straight line, and multiplying the slope by the change in extinction coefficient 
(Δε397 for MV•+/MV2+ = 41800 M-1 cm-1), we obtain the rate of back electron transfer, kBET. λex = 
475 nm, λobs = 397 nm, 0.1 M [NBu4][PF6]. 
These data illustrate that the recombination kinetics are not significantly influenced by the 
presence of pyridine bases at the concentrations used in this study The average rate constant in 
the absence of pyridine is 2.5 ± 0.9 x 109 M-1 s-1. For comparison, the average value for all data 
(across all substituted pyridines and concentrations evaluated) is 3.57 x 109 M-1 s-1. The pyridine-
free data was used as kBET,1 in the kinetics modeling of [Ru(flpy)2(bpy-tyrOH)]2+. 
 
The influence of charge recombination between MV•+ and [RuII(flpy)2(bpy-tyrOH●+)]3+, described 
by kBET,2, on the observed kinetics is apparent when comparing the differences in the kinetics 
profiles between the regeneration of the Ru2+ signal at 440 nm and the decay of the MV•+ transient 
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at 397 nm for samples without added pyridine. These 397 nm kinetics traces were simulated with 
the model presented in Figure 2.22 (setting kPT and kBET,3 to zero); values for kBET,2 were iteratively 
adjusted until the simulated kinetics were agreement with the experimental data (kBET,2 = 5.5 x 
109, Figure 2.28). 
Qualitatively, the transiently observed MV•+ signal at 397 nm decays faster with higher 
concentrations of base (Figure 2.14). Furthermore, the identity of the pyridine base was noted to 
affect the kinetics of this transient decay, with stronger bases accelerating kinetics more than 
weaker bases. These observations are consistent with the third BET pathway identified in Figure 
2.22 (kBET,3) – reduction of the [RuII(flpy)2(bpy-tyrO●]2+ formed upon deprotonation of the tyrosine 
radical cation. This PT-gated recombination pathway was not isolable from the other two 
recombination pathways, even at high base concentrations, nor could the tyrosine deprotonation 
step be observed independent of MV•+ recombination as the former is spectroscopically silent. As 
such, rate constants for these two elementary steps, tyrosine deprotonation (kPT) and MV•+ 
recombination with the neutral tyrosyl radical (kBET,3), were determined through the systematic 
iterative modeling of the experimental data; all other rate constants (Table 2.3) were fixed at the 
values determined from the analyses described above. In order to model kinetics traces with two 
variables, simulated spectra were generated for various values of kPT and kBET,3 and goodness of 
fit was calculated between the experimental TA traces and each simulated spectrum. Both kPT 
and kBET,3 were independently and systematically varied across several orders of magnitude to 
find the best-fitting combination of rate constants for each base dataset while avoiding traps of 
local minima (Figure 2.30). Rate constants were identified that could simulate a complete dataset 
consisting of samples containing pyridine concentrations ranging from 10 μM to 10 mM, and 
simulations were repeated for each of the five pyridine bases studied (Figure 2.31). The BET 
recombination rate constant kBET,3 = 2.6 ± 0.8 × 1010 M-1 s-1 was found to be consistent across all 
bases and concentrations, as anticipated for this pure ET reaction. However, a different kPT rate 
constant was found for each of the five pyridine bases; these rate constants correlated with pKa 
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of the pyridinium conjugate acids (Table 2.4). Considering recombination between MV•+ and 
[RuIII(flpy)2(bpy-tyrOH)]3+ or [RuII(flpy)2(bpy-tyrOH●+)]3+ (ΔG°BET,1 = -47.27 and ΔG°BET,2 = -45.89 
kcal/mol respectively) lies in the Marcus inverted region, the smaller driving force for 
recombination between MV•+ and [RuII(flpy)2(bpy-tyrO●]2+, (-18.45 kcal/mol) is consistent with the 
observation that kBET,3 is faster than kBET,1 and kBET,2. 
Table 2.3 Rate constants for each elementary step in Scheme 6 determined from kinetics fitting 
and modeling. 
k0 1.23 × 106 s-1 a 
kq 4.0 × 106 M-1 s-1 a 
kIMET 2.5 × 105 s-1 b 
kIMET-1 2.3 × 104 s-1 b 
kBET,1 2.5 × 109 M-1 s-1 c 
kBET,2 5.5 × 109 M-1 s-1 d 
kBET,3 2.6 × 1010 M-1 s-1 
d 
kPT Base dependent 
(Table 2.4) d 
 
Rate constants determined from a Stern-Volmer analysis of photoluminescence quenching, b 
kinetics modeling of 440 nm traces, c BET or model reaction of [Ru(flpy)2(bpy)]2+ with MV2+, and d 





Figure 2.30 Example dataset of raw residual values from 2-parameter fitting of kBET,3 (kET on the 
y-axis above) and kPT (x-axis) as described above. Each rate constant was varied systematically 
across 100 values between 109 and 1011, producing 10,000 different combinations. Using the 
kinetics model, a simulation transient absorption trace was produced using each of these 10,000 
combinations at four different base concentrations, and this simulated data compared to an 
experimental dataset containing traces at each of those base concentrations. The residuals 
resulting from differences between the simulated and experimental data were then plotted to find 
the minimum. In this example dataset, [pyridine] = 10 μM, 100 μM, 1 mM, 10 mM, and the lowest 









Figure 2.31 Example transient absorption traces of [Ru(flpy)2(bpy-tyrOH)]2+ with 100 mM MV2+ 
with various concentrations of pyridine base at λobs = 440 nm (blue trace) and λobs = 397 nm (red 







Table 2.4 Pyridine bases used, accompanying pKa values of conjugate acids in acetonitrile,123,124 
and corresponding rate constants for the deprotonation of tyrosine radical cation. 
 
pyridine base 






10.75 12.53 13.32 14.13 14.98 
kPT (M-1 s-1) 
1.9 ± 0.9 × 
109 
6.3 ± 1.0 × 
109 
1.5 ± 1.0 × 
1010 
2.0 ± 0.6 × 
1010 
4.5 ± 1.0 × 
1010 
 
 Lastly, as seen in Figure 2.22, the tyrosinate species [RuII(flpy)2(bpy-tyrO-]+ is formed upon 
deprotonation of [RuII(flpy)2(bpy-tyrOH●+)]3+  (kPT) and the BET reaction between MV•+ and 
[RuII(flpy)2(bpy-tyrO●]2+ (kBET,3). The conjugate acid of this species has a pKa of approximately 
26.35, which is significantly higher than the pyridinium acids generated. As a result, rapid back 
proton transfer from the pyridinium to the tyrosinate is expected, reforming the starting complex 
with a neutral protonated tyrosine ([RuII(flpy)2(bpy-tyrOH]2+) and the pyridine base. This proton 
transfer reaction is spectroscopically silent in the visible region and could not be directly 
monitored. Further, as it does not influence any other kinetic steps, it cannot be deconvoluted as 
was done with the forward PT step (kPT). Excepting this back proton transfer step, rate constants 
for all other elementary steps in the photo-initiated reaction of [Ru(flpy)2(bpy-tyrOH)]2+ with MV2+ 






Through the careful evaluation and systematic modeling of the photo-induced reaction of 
[Ru(flpy)2(bpy-tyrOH)]2+ with MV2+ and various pyridine bases, the mechanism for the 
intramolecular PCET oxidation of tyrosine by the Ru3+ species generated was identified and rate 
constants for the elementary reaction steps were determined. Two salient findings are noted from 
this analysis. First, the reaction pathway proceeds via an ET-PT pathway across the range of 
proton acceptors studied, but the observed kinetics are dependent on the strength of the base. 
The equilibrium formed between [RuIII(flpy)2(bpy-tyrOH)]3+ and [RuII(flpy)2(bpy-tyrOH●+)]3+ is 
influenced by the deprotonation of the oxidized tyrosine, engendering a base dependence on this 
stepwise reaction. Second, from the detailed kinetics analysis described above, rate constants 
for each elementary step were determined. The electron transfer rate constants were found to be 
consistent across samples and base identity, while the magnitude of kPT, the proton transfer rate 
constant between [RuII(flpy)2(bpy-tyrOH●+)]3+ and substituted pyridine bases, was base 
dependent.  
Inspection of the base-dependent rate constants for deprotonation reveals a linear correlation 
between log(kPT) and the pKa of the pyridine in the deprotonation of tyrosine radical cation by 
substituted pyridine bases (Figure 2.32). This correlation is consistent with the Brønsted 
relationship, which relates the rate of proton transfer, the number of acidic and basic sites, and 
the acid dissociation constant.135–138 In the instance of only one acidic site and one basic site, the 
Brønsted relationship can be simplified to log(kPT) = β · pKa + C, where β is the Brønsted slope 
and C is a constant. Fitting the experimental data in this form yields a slope of β = 0.32 
(log(kPT)/pKa). A Brønsted slope of β < 0.5 is expected for a reaction with high driving force,139 
and, by Bell-Evans-Polanyi theory, predicts a transition state that more closely resembles the 
reactants.136,140 Considering the strongly acidic nature of the tyrosyl radical cation and the large 
pKa difference between it and the pyridine bases used (ΔpKa = 4.43–8.66), such a slope is 
consistent with our expectations. When comparing this Brønsted slope to other free energy 
64 
relationships for proton transfer within stepwise ET-PT reactions which span values of 0.55 – 
0.97, the value here is the smallest measured.105–108  
 
 
Figure 2.32 Free energy relationship between log(kPT) and pKa of the pyridinium formed upon 
proton transfer. Both the linear Brønsted relationship and shallow Marcus parabola fit the data. 
 
It should be noted that although the rate constants obtained for proton transfer fit well to a linear 
relationship, this may be due to the relatively small range of pKa values available for study.106,136 
Over a larger span, deviations from linearity could occur,106 as some theories of proton transfer 
predict a Marcus-type relationship.140–143 Unfortunately, the limited range of pyridine pKa values in 
acetonitrile restrict our ability to further probe this free energy relationship. 
Reflecting on the observation of a stepwise ET-PT reaction pathway across the range of 
reactants studied, we considered both how the energetics of the system related to pathway 
selection and how base influences the observed kinetics. The oxidation of tyrosine by Ru3+ in the 
system studied here is slightly exergonic (ΔGIMET = –1.38 kcal/mol), while the coupled PT reaction 
(ΔGPT = –6.07 to –11.86 kcal/mol) ultimately provides the bulk of the driving force for the net PCET 
reaction. Despite range of driving forces for the coupled PT step (ΔGPT = –6.07 to –11.86 kcal/mol) 
studied in this work, the mechanism remained invariant. A survey of oxidative PCET reactions in 
non-aqueous solvents reveals that reactions which proceed through ET-PT pathways frequently 
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have ET driving forces close to zero,42,56,63,126,144 while systems that react through concerted 
routes tend to have more endergonic ET reactions (Table 2.5). 42,45,46,63,67,104,126,144 Our observation 
of stepwise ET-PT is thus consistent with related systems. These observations also mirror those 
found with previously studied ruthenium-tyrosine complexes, which were first reported by 
Hammarström and coworkers in 1997.100 Two such complexes have been well studied for their 
PCET reactivity in aqueous media: [Ru(bpy)2(bpy-tyrOH)]2+ and [Ru(deeb)2(bpy-tyrOH)]2+ (deeb 
= 4,4’-diethylester-2,2’-bipyridine).53,145–147 Upon generation of a Ru3+ species, [Ru(bpy)2(bpy-
tyrOH)]2+ performs intramolecular tyrosine oxidation via a CPET pathway while pH < 10.145 Above 
pH 10, tyrosine is deprotonated and the oxidation proceeds through an ET-only pathway. This 
reactivity is contrasted by the [Ru(deeb)2(bpy-tyrOH)]2+ complex, which instead undergoes 
intramolecular oxidation via ET-PT at pH < 6 and CPET at pH 6-10.146 This change in reaction 
mechanism under pH 6 has been attributed to the increased driving force for ET due to the 
electron-withdrawing deeb ligands and more positive RuIII/II couple. Although both ET-PT and 
CPET reactions are made more favorable with this increase in driving force, the ET-PT pathway 
exhibits lower reorganization energy and is favored as driving force increases.53,147 [Ru(flpy)2(bpy-
tyrOH)]2+, which also possesses electron-withdrawing ligands, is in agreement with these 
conclusions and exhibits ET-PT reactivity. Finally, the ET-PT reaction of [Ru(deeb)2(bpy-tyrOH)]2+ 
has a measured KIE of 1.0, which is also in agreement with our observations of the [Ru(flpy)2(bpy-








Table 2.5 Comparison of ET driving force for an ET-PT mechanism and operative PCET 
mechanism for selected oxidative PCET systems in organic solvents and water-organic solvent 







Oxidant Base Substrate 
144 
CPET +8.8 [Fe(MeObpy)3]3+ 
pyridine W(Cp)(CO)3H 
CPET +5.3 [Fe(dmbpy)3]3+ 
CPET +1.8 [Fe(bpy)3]3+ 
ET-PT +0.23 [Ru(dmbpy)3]3+ 
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CPET +16.8 [Re(CO)3(bpz)(py)]+ bpz 
4-cyanophenol 
























CPET +7.1 4-bromophenol 
CPET +7.6 4-chlorophenol 
CPET +7.6 phenol 






CPET or  
PT-ET 
+18.4 2,4,6-Cl3PhSH 






CPET +6.0 4-methylphenol 
CPET +7.6 4-bromophenol 
CPET +8.1 4-chlorophenol 
CPET +8.1 phenol 









ET-PT +6.4 4-bromophenol 
CPET +9.4 4-chlorophenol 
CPET +9.8 phenol 
CPET +11.9 4-cyanophenol 
148b ET-PT ~+5.8 
[Ru(bpz)2(bpz-xy-
PhOH)]2+* 







56b ET-PT ~-4.6 
[Re(phen)(CO)3(py-
xy1-dtbPhOH)]+* 
water dtbPhOH c 






bpy = 2,2’-bipyridine, MeObpy = 4,4’-dimethoxy-2,2’-bipyridine, dmbpy = 4,4’-dimethyl-
2,2’bipyridine, bpz = 2,2’-bipyrazine, py = pyridine, pz = pyrazine, flpy = 4,4’-bis(trifluoromethyl)-
2,2’-bipyridine, Cp = cyclopentadiene. phen = 1,10-phenanthroline, dtbPhOH = 2,6-di-tert-
butylphenol, a conducted in 3:1 acetonitrile:water b conducted in 1:1 acetonitrile:water c covalently 
bonded to the oxidant. 
 
While we identified a stepwise ET-PT mechanism, our observed reaction kinetics were 
influenced by both the concentration and strength of the proton acceptor in solution, but no H/D 
KIE was observed. As noted above, the low driving force for ET gives rise to an equilibrium 
between [RuIII(flpy)2(bpy-tyrOH)]3+ and [RuII(flpy)2(bpy-tyrOH●+)]3+, and subsequent deprotonation 
of the oxidized tyrosine to form [RuII(flpy)2(bpy-tyrO●)]2+ perturbs this equilibrium giving rise to the 
base concentration and strength dependence observed. The anticipated influence of PT on the 
kinetics of a pre-equilibrium ET-PT reaction has been recognized previously,126,144 and our 
experimental observations demonstrate the plausibility of ET-PT mechanisms when base 
dependence is observed for PCET reaction kinetics.  Similar energetics to the intramolecular 
electron transfer observed here have been quantified for the PCET reactivity of a related 
Ru(bpy)32+–phenol dyad examined by Wenger (ΔGET ≈ 0); while a similar base (imidazole) 
concentration dependence was observed for the PCET reaction kinetics in this system, a 
pronounced KIE was detected and CPET was identified as the most plausible mechanism.113  The 
discrepancy in reactivity for these two systems, despite similar energetics, hints at the 





Photoexcitation of [Ru(flpy)2(bpy-tyrOH)]2+ in the presence of the oxidative quencher MV2+ 
generates a Ru3+ species that oxidizes the tethered tyrosine moiety via a PCET reaction, with 
proton transfer to pyridine in solution. Comprehensive kinetics analysis of transient absorption 
traces monitoring the ground state Ru2+ bleach decay at 440 nm and the decay of the MV•+ 
transient at 397 nm were used to identify a stepwise ET-PT pathway. Because of the low driving 
force for intramolecular ET, this charge transfer process is in equilibrium. Proton transfer from the 
tyrosine radical cation generated to pyridine perturbs this equilibrium, engendering a base 
concentration and strength dependence on the observed kinetics. Observation of a pronounced 
influence of PT on ET kinetics for a pre-equilibrium ET-PT reaction mechanism is a reminder that 
a proton donor/acceptor dependence on reaction kinetics should not discount ET-PT 
mechanisms. 
The reaction pathway remained invariant across the five pyridine bases examined  
(ΔGPT = –6.07 to –11.86 kcal/mol), suggesting that ΔGET may be dictating pathway selection in 
this system. Indeed, CPET reactions generally have endergonic ET steps in related systems. 
However, as anticipated, rate constants for proton transfer in the ET-PT reaction were found to 
correlate with the pKa values of the pyridiniums formed. As PCET mechanism changes are often 
examined as a function of ΔGET, these observations underscore that reactivity can be finely tuned 
through both electron and proton transfer steps and encourage deeper study of the PCET reaction 
landscape as a function of both parameters to examine how free energy changes can tip the 










CHAPTER 3. Prompt and delayed photoacidity of a novel neutral pyranine derivative 
 
Portions of this chapter adapted from Lennox, J. C.; Danilov, E. O.; Dempsey, J. L. Delayed 
photoacidity produced through the triplet-triplet annihilation of a neutral pyranine derivative. 
Manuscript Submitted. 
 
3.1 Introduction  
 The excitation of a photoacids produces powerful proton donors that can trigger proton-
coupled electron transfer (PCET) reactions. Coupled to time-resolved optical measurements, 
photoacids are poised to be a powerful tool for the study of PCET reaction mechanisms. However, 
to our knowledge, only one photoacid-initiated PCET reaction has been reported in the 
literature.84,150 This lies in stark contrast to the countless examples where PCET reactions are 
initiated by a phototriggered electron transfer reaction.53–57,59,63,74,75,148 This difference can partly 
be blamed on a dearth of well-behaved photoacids in comparison to the plethora of known photo-
reductants and photo-oxidants. An ideal photoacid exhibits (1) absorption bands in the visible 
region to enable selective visible light excitation, (2) a long-lived excited state to allow for 
intermolecular reactions, (3) reversible photochemistry, (4) a large reduction in pKa upon 
excitation. Few photoacids meet these criteria, making the study of photoacid-driven PCET 
reactions difficult. 
 Pyranines are one promising class of photoacids for application in the study of PCET 
reactions. The photoacidic properties of unsubstituted pyranine (Figure 3.1) are well 
understood151–158 and it has found broad use in biological systems due to its strong fluorescence, 
high aqueous solubility, and low toxicity. Like most hydroxyarene photoacids, pyranine and 
pyranine-derived photoacids exhibit reversible photochemistry, and several derivatives have been 
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reported to exhibit visible absorption bands and large ΔpKa values (ΔpKa > –6 in water, where 
ΔpKa = pKa* – pKa).78,83 
 
Figure 3.1 Pyranine and N1,N1,N3,N3,N6,N6-hexaethyl-8-hydroxypyrene-1,3,6-trisulfonamide 
(EtHPTA-OH) and example of excited-state proton transfer. 
 Substitution of the sulfate groups of pyranine with more electron-withdrawing sulfonamide 
groups has been shown to enhance the photoacidity (increase ΔpKa) of the photoacid,159 but 
these sulfonamide derivatives have not seen widespread adoption as photoacids and for this 
reason their photophysics and photochemistry are not well understood. The limited number of 
studies involving the neutral sulfonamide derivatives most likely stems from perceived barriers to 
their synthesis; most reported syntheses access the target photoacids via schemes that involve 
aqueous amines. Under these conditions, water can quench the reactive sulfonyl chloride 
intermediate and reverses the reaction, reforming the sulfate and leading to poor yields.83 Our lab 
has recently developed a simplified synthetic route to neutral sulfonamide derivatives, and have 
prepared a novel pyranine derivative (N1,N1,N3,N3,N6,N6-hexaethyl-8-hydroxypyrene-1,3,6-
trisulfonamide, EtHPTA-OH) where the sulfate groups of the parent pyranine have been 
substituted with diethylsulfonamide moieties. EtHPTA-OH displays good solubility in both water 
and organic solvents, allowing comprehensive characterization of its photophysics and the proton 
transfer reactivity of the singlet excited state on the nanosecond timescale. Excitingly, we 
discovered that EtHPTA-OH also reacts on the microsecond timescale through a strongly photo-
acidic singlet state that is populated from a triplet state through a triplet-triplet annihilation 
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mechanism. These findings deeply enhance our understanding of the photophysics and 
photochemistry of neutral sulfonamide-derivatized pyranines and lay key groundwork for 
application of EtHPTA-OH for the study of PCET reactions. 
3.2 Experimental 
3.2.1 General Considerations 
Trisodium 8-Acetoxypyrene-1,3,6-trisulfonic Acid was prepared according to a literature 
procedure,83 Acetonitrile (Fisher Scientific, HPLC >99.9%) was degassed with argon, dried with 
a Pure Process Technology Solvent System, and stored over 3 Å molecular sieves in a nitrogen-
filled glovebox. Tetrabutylammonium hexafluorophosphate ([NBu4][PF6], Oakwood Chemical, 
98%) was recrystallized from absolute ethanol, dried in vacuo, and stored under inert atmosphere. 
All other reagents were commercially available and used without further purification. 
1H NMR spectra were recorded at room temperature using a 400 or 600 MHz Bruker NMR 
spectrometer. All deuterated solvents were purchased from Cambridge Isotope Laboratories and 
used without further purification.  
All samples used for spectroscopic studies were prepared with rigorously dried acetonitrile 
in a nitrogen-filled glovebox. Photoacid samples were prepared in 0.1 M [NBu4][PF6] acetonitrile 
solution and concentrations typically ranged between 20-60 μM. Samples were placed into 1 cm 
path length quartz cuvettes and isolated from atmosphere with a Teflon Kontes valve. 
3.2.2 Optical Characterization 
UV-vis absorbance measurements were recorded using a Cary 60 UV-vis absorbance 
spectrometer using a 1 cm path length quartz cuvette. Steady-state photoluminescence spectra 
were obtained using an Ocean Optics USB2000+ spectrometer with excitation via a 365 nm laser 
diode. Emission intensities at each wavelength were corrected for nonlinear spectrometer 
response. Time-correlated simple photon counting (TCSPC) measurements were recorded using 
an Edinburgh Instruments FLS920 equipped with a 444.2 nm diode laser (Edinburgh Instruments 
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EPL-445, 73 ps FWHM pulse width) operated at 10 MHz. Time-gated photoluminescence spectra 
were obtained using an Edinburgh Instruments LP920 laser flash photolysis system equipped 
with an ICCD detector.  
3.2.3 Transient Absorption Spectroscopy  
Transient absorption experiments were performed using a custom-build laser flash 
photolysis system. Laser excitation (5-7 ns FWHM, 10 Hz, Q-switched) was provided by the third 
harmonic of a Nd:YAG laser (Spectra-Physics, Inc., model Quanta-Ray LAB-170-10) that pumped 
an OPO (basiScan, GWU Lasertechnik) to access tunable excitation (415–800 nm). Laser power 
at the sample cuvette was attenuated by the use of a half-wave plate (WPMH10M-355, ThorLabs) 
and polarizer (GL10-A, ThorLabs). A glass window was used to deflect a small portion of 
excitation beam to a Si diode detector (DET10A, ThorLabs), triggering the oscilloscope to start 
data collection. Timing of the laser was controlled by a digital delay generator (9514+ Pulse 
Generator, Quantum Composers). A 75 watt Xe Arc Lamp (PowerArc, Optical Building Blocks) 
was used in continuous wave mode as a white light source. The probe beam was passed through 
a 375 nm long pass filter before passing through the sample collinear with the pump beam. Probe 
light was then attenuated using a neutral density filter, and scattered excitation light filtered with 
a color filter wheel containing various long pass and short pass filters. Single wavelength kinetics 
were obtained using a double slit monochromator (Spectral Products CM112) outfitted with a 
Hamamatsu R928 photomultiplier tube (PMT). The signal was amplified by a 200 MHz wideband 
voltage amplifier (DHPVA-200, Electro Optical Components), and processed using a digitizer 
(CompuScope 12502, GaGeScope) controlled by custom software (MATLAB). The data were 
converted to units of ΔOD (ΔOD = -log(I/I0), where I is the time-resolved probe light intensity with 
laser excitation, and I0 is the intensity without excitation). Data were collected at room temperature 
and further analyzed in Igor Pro 6.22 (Wavemetrics). 
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3.2.4 Synthesis of N1,N1,N3,N3,N6,N6-hexaethyl-8-hydroxypyrene-1,3,6-trisulfonamide  
1.04 g (1.84 mmol) of trisodium 8-acetoxypyrene-1,3,6-trisulfonic acid was suspended in 
a mixture of thionyl chloride (5 mL) and five drops of dimethyl formamide. The reaction was heated 
to reflux under nitrogen for 5 hours. The color evolved from gray to yellow to orange throughout 
the reaction. After cooling to room temperature, excess thionyl chloride was removed via nitrogen 
stream and bubbled through a scrubbing solution of saturated aqueous sodium carbonate. The 
flask was cooled to 0 °C and a solution of 5 mL of diethylamine in 10 mL of dichloromethane was 
added dropwise, causing the evolution of gray smoke. The solution was warmed to room 
temperature and stirred for 24 hours. 1 M HCl was added slowly to deacetylate and to quench 
unreacted sulfonyl chloride moieties. Dichloromethane and excess diethylamine were removed 
via rotary evaporator, and the remaining aqueous solution was filtered to remove a yellow 
precipitate. The precipitate was purified via column chromatography (eluent 60:40 ethyl 
acetate:pentane, silica stationary phase) to obtain a yellow powder (337 mg, 29.4%). 1H NMR 
(600 MHz, CDCl3) δ 9.21 (s, 1H), 9.17 (d, J = 9.7 Hz, 1H), 9.14 (d, J = 9.6 Hz, 1H), 9.01 (d, J = 
9.8 Hz, 1H), 8.80 (d, J = 9.6 Hz, 1H), 8.37 (s, 1H), 3.47 – 3.52 (m, 12H), 1.22 – 1.15 (m, 18H). 
ESI-MS m/z 622.17228, calcd for EtHPTA-O– (C28H36N3O7S3–): 622.17. 
3.2.5 Synthesis of 1-Methyl-[4,4’-bipyridin]-1-ium Hexafluorophosphate ([MQ]PF6).  
Following a modified literature procedure,160 4,4’-bipyridine (3.61 g, 22.0 mmol) and 
iodomethane (1.60 mL, 28.0 mmol) were combined in 20 mL dichloromethane and heated to 
reflux for 1 h. A yellow solid was filtered off and washed with ethyl acetate. The solid (crude 1-
methyl-[4,4’-bipyridin]-1-ium iodide) was dissolved in 20 mL of 1:1 methanol:water along with an 
excess of potassium hexafluorophosphate. The solution was heated to ca. 50 °C for 30 minutes, 
then cooled to room temperature. After sitting for 30 minutes, the solution was filtered to isolate a 
white precipitate, which was subsequently redissolved in acetonitrile and recrystallized via vapor 
diffusion of diethyl ether to yield pure [MQ](PF6).  
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3.3 Results and Discussion 
3.3.1 Synthesis of EtHPTA-OH 
This pyranine derivative was readily produced through a three-step synthesis in which 
trisodium 8-hydroxypyrene-1,3,6-trisulfate (pyranine) was protected via acetylation and then 
refluxed in thionyl chloride to yield the tris(chlorosulfonyl) intermediate, which was immediately 
reacted with an excess of diethylamine to yield N1,N1,N3,N3,N6,N6-hexaethyl-8-hydroxypyrene-
1,3,6-trisulfonamide (EtHPTA-OH) following deprotection.83 The use of anhydrous diethylamine – 
a neat liquid – circumvents the use aqueous amine solutions typically found in comparable 
syntheses. Furthermore, as diethylamine functions both as a nucleophile and a base, no 
additional base is required in the synthesis.  
3.3.2 Optical characterization of EtHPTA-OH 
 EtHPTA-OH displays marked differences in absorbance depending on its protonation state 
(Figure 3.2). In acetonitrile, the absorbance and emission spectra of the protonated photoacid 
displays structured features in the visible region (λmax,abs = 419 nm, ε = 31200 M-1 cm-1; λmax,PL = 
447 nm, ΦPL = 0.51).  The 2.9 ns luminescence lifetime along with the small Stokes shift between 
the absorbance and emission maxima support assignment of the luminescence as originating 
from the singlet state. In the steady-state photoluminescence spectrum, the emission profile 
contains two overlapping features, corresponding to relaxation from the 1Lb state at 447 nm and 
the 1La state at 470 nm (Figure 3.3). In the parent pyranine, the 1La state contains more charge 
transfer character, wherein electron density moves from the hydroxyl group into the aromatic ring 
system, resulting in a more strongly photoacidic excited state.156,161 Assignment of these excited 
states in EtHPTA-OH are made by comparison to the structured emission bands reported for both 
pyranine and other similar pyranine derivatives, and are supported via solvatochromism studies 
in dichloromethane (Figure 3.4) which show the disproportionate enhancement of emission from 
the 1La state upon addition of a polar, hydrogen-bonding solvent (acetonitrile), consistent with 
literature reports of solvent-dependent emission enhancement in pyranine and other pyranine 
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sulfonamide derivatives.156,161 Upon deprotonation to form EtHPTA-O–, both absorbance and 
emission λmax shift bathochromically, the Stokes shift decreases, the extinction coefficient 
increases by more than a factor of two, and the quantum yield increases by 30% (λmax,abs = 548 
nm, ε = 75500 M-1 cm-1, λmax,PL = 568 nm ΦPL = 0.65). Of note, photoluminescence dilution 
experiments showed no evidence for excimer formation. 
 
Figure 3.2. Normalized absorbance and photoluminescence spectra of EtHPTA-OH and EtHPTA-
O– in acetonitrile. 
 
Figure 3.3 Schematic representation of the 1Lb and 1La singlet excited states of pyranine 
photoacids, as well as the final proton transfer state. Direct excitation into the 1Lb state is followed 
by interconversion to the 1La state which is promoted by polar and H-bonding solvents. The 1La 
state is more strongly photoacidic and yields the final proton transfer state in the presence of 
base. A variety of minima are depicted for the PT state, reflecting exergonic and endergonic PT 
to stronger and weaker bases, respectively. Figure adapted from reference 156. 
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Figure 3.4 (Left) Photoluminescence spectra throughout a titration of acetonitrile into a solution 
of EtHPTA-OH in dichloromethane, and (Right) Peak heights from Gaussian deconvolution of the 
emission bands at 447 nm and 470 nm that correspond to the 1Lb and 1La states respectively. 
Upon the addition of a more polar, hydrogen-bonding solvent (acetonitrile), increases in the 
emission from both bands are observed. Greater enhancement is seen of emission from the band 
at 470 nm, supporting the assignment of this band as emission from the 1La state.156,161 Spectra 
are corrected for dilution. λexc = 365 nm. 
 Spectrophotometric titrations of EtHPTA-OH in acetonitrile using N,N-dimethylpyridin-4-
amine (DMAP) were used to determine the ground-state pKa of EtHPTA-OH (19.52) (Figure 3.5).   
The energy stored in the singlet excited state (E00) was approximated for EtHPTA-OH (2.88 eV) 
and EtHPTA-O– (2.23 eV) from the intersection of the normalized absorption and emission spectra 
of the two species (Figure 3.6). From these two values, along with the ground state pKa of EtHPTA-
OH, a Förster cycle can be constructed to approximate the pKa of the singlet excited state of 
EtHPTA-OH (Figure 3.7). This analysis indicates the excited state is ca. 11 units stronger than the 





Figure 3.5 (Left) Spectrophotometric titration of EtHPTA-OH with N,N-dimethylpyridin-4-amine 
(DMAP) (pKa = 17.95) in acetonitrile, and (right) plot of titrant and analyte concentrations used to 
obtain the pKa of EtHPTA-OH (19.52). 
  
Figure 3.6 The intercept of the normalized absorption and emission spectra for EtHPTA-OH and  
EtHPTA-O– yield E00 values of 2.88 eV and 2.23 eV respectively. 
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Figure 3.7 Förster Cycle of EtHPTA-OH 
3.3.3 Steady-state photoluminescence analysis of EtHPTA-OH with added base 
 
 A series of aniline and pyridine bases with a range of pKa values (7.0–14.1 in acetonitrile, 
Table 3.1) bookending the 1pKa* of EtHPTA-OH were selected to test the excited-state proton 
transfer reactivity of EtHPTA-OH in acetonitrile. Reduction in the intensity of steady-state 
photoluminescence of EtHPTA-OH upon the addition of base was observed, consistent with 
quenching via ESPT. However, analysis of the steady-state photoluminescence data was 
complicated by strong enhancement of the 1La band and moderate enhancement of the 1Lb band 
upon addition of hydrogen bond acceptors and increased solvent dielectric (See solvatochromism 
study, Figure 3.4).156,161 As such, the change in luminescence intensity upon addition of base is a 
convolution of excited-state quenching via ESPT, luminescence enhancement via hydrogen 
bonding, and luminescence enhancement or attenuation due to changes in bulk solvent polarity. 
Furthermore, due to the spectral overlap of the 1La and 1Lb emission bands, as well as the greater 
influence of the above factors on the 1La decay, Gaussian deconvolution was necessary to resolve 
the emission from each state, and Stern-Volmer plots of emission quenching from each state yield 
different slopes due to the contrast in sensitivity of each state to hydrogen bonding and polarity 
(Figures 3.8 through 3.14). Due to these complications, an accurate quantitative measurement of 
79 
the Stern-Volmer quenching constant was not possible through steady-state measurements. 
However, valuable qualitative observations can still be made: no upwards curvature was found in 
the Stern-Volmer plots, the appearance of which would indicate the presence of both static and 
dynamic quenching with a given base. 
 
  
Figure 3.8 Steady-state fluorescence spectra and Stern-Volmer fit of EtHPTA-OH with varying 
concentrations of 4-cyanoaniline. Intensity measurements are obtained via peak heights of 
Gaussian deconvolution of the 1Lb and 1La emission bands at 447 nm and 470 nm respectively. 
Spectra are corrected for dilution. λexc = 365 nm. 
 
Figure 3.9 Steady-state fluorescence spectra and Stern-Volmer fit of EtHPTA-OH with varying 
concentrations of 4-bromoaniline. Intensity measurements are obtained via peak heights of 
Gaussian deconvolution of the 1Lb and 1La emission bands at 447 nm and 470 nm respectively. 




Figure 3.10 Steady-state fluorescence spectra and Stern-Volmer fit of EtHPTA-OH with varying 
concentrations of MQ+. Intensity measurements are obtained via peak heights of Gaussian 
deconvolution of the 1Lb and 1La emission bands at 447 nm and 470 nm respectively. Spectra are 




Figure 3.11 Steady-state fluorescence spectra and Stern-Volmer fit of EtHPTA-OH with varying 
concentrations of aniline. Intensity measurements are obtained via peak heights of Gaussian 
deconvolution of the 1Lb and 1La emission bands at 447 nm and 470 nm respectively. Spectra are 




Figure 3.12 Steady-state fluorescence spectra and Stern-Volmer fit of EtHPTA-OH with varying 
concentrations of 4-methoxyaniline. Intensity measurements are obtained via peak heights of 
Gaussian deconvolution of the 1Lb and 1La emission bands at 447 nm and 470 nm respectively. 
Spectra are corrected for dilution. λexc = 365 nm. 
 
 
Figure 3.13 Steady-state fluorescence spectra and Stern-Volmer fit of EtHPTA-OH with varying 
concentrations of pyridine. Intensity measurements are obtained via peak heights of Gaussian 
deconvolution of the 1Lb and 1La emission bands at 447 nm and 470 nm respectively. Spectra are 




Figure 3.14 Steady-state fluorescence spectra and Stern-Volmer fit of EtHPTA-OH with varying 
concentrations of 2,6-lutidine. Intensity measurements are obtained via peak heights of Gaussian 
deconvolution of the 1Lb and 1La emission bands at 447 nm and 470 nm respectively. Spectra are 
corrected for dilution. λexc = 365 nm. 
 Assignment of an ESPT mechanism for the quenching of EtHPTA-OH luminescence is 
supported by the observation of EtHPTA-O– emission at 568 nm in samples with base present. 
This observation is most diagnostic of ESPT for samples with weak bases in which no appreciable 
quantitites of EtHPTA-O– are produced via ground state acid-base equilibrium.78,161,162 For 
instance, at the highest concentrations (30 mM) of 4-cyanoaniline (pKa (BH+) = 7.0) used, 
samples with EtHPTA-OH (50 μM, pKa = 19.52), the ground-state proton transfer equilibrium 
constant (Keq = 1.61×10-13) predicts a concentration of EtHPTA-O– of 0.50 nM. However, under 
these conditions, emission is detected at 568 nm, which is not present in samples without base, 
consistent with emission from the deprotonated photoacid following ESPT. Under similar 
conditions with stronger bases, these observations qualitatively hold, although contributions from 
EtHPTA-O– become relevant as the strength of the base increases.  
3.3.4 Investigation of prompt photoacidity of EtHPTA-OH via TCSPC analysis 
 
 Due to the above limitations in the analysis of steady-state photoluminescence quenching 
of EtHPTA-OH, time-correlated single photon counting (TCSPC) was used to further investigate 
ESPT from 1*[EtHPTA-OH] in the presence of base. Upon addition of monoquat (MQ+) or aniline 
bases, the singlet lifetime of EtHPTA-OH is attenuated, consistent with diffusional quenching via 
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ESPT from EtHPTA-OH to the added base (Figures 3.15 through 3.19). Rate constants for the 
quenching of EtHPTA-OH luminescence were obtained through Stern–Volmer analysis (Table 
3.1), which reveal a slight correlation between quenching rate constants and base strength 
(δlog(kq)/δpKa = 0.066). Addition of pyridine or 2,6-lutidine produces no attenuation of the singlet 
lifetime of EtHPTA-OH, indicating no dynamic quenching for these bases. However, quenching of 
EtHPTA-OH photoluminescence in the presence of these bases was observed in steady-state 
measurements (above). For these reasons, we assign a static quenching mechanism for the 
reactivity of 1*[EtHPTA-OH] with these bases. The underlying cause of the difference in quenching 
mechanism between MQ+ and aniline bases (dynamic quenching bases) and the neutral pyridines 
(static quenching bases) is not immediately apparent. We hypothesize that reactivity differences 
may arise from relative hydrogen bond strengths. Broadly, anilines are weaker hydrogen bond 
acceptors than pyridine bases, and are weaker hydrogen bond acceptors than they are hydrogen 
bond donors.163 Aniline bases engaged in hydrogen bonding with the hydroxyl group of EtHPTA-
OH may act as hydrogen bond donors, with the oxygen of the hydroxyl group as the hydrogen 
bond acceptor, inhibiting an intra-adduct ESPT. Pyridine is a stronger hydrogen bond acceptor 
and does not also function as a hydrogen bond donor and intra-adduct ESPT in EtHPTA-OH…B 
occurs via a static quenching mechanism. The charge of MQ+ compared to the neutral pyridines 





Figure 3.15 Quenching of EtHPTA-OH fluorescence at 480 nm by 0-10 mM MQ+ in acetonitrile 
with 0.1 M [NBu4][PF6] as measured by TCSPC. Inset: Stern–Volmer analysis of quenching 
 
   
Figure 3.16 (Left) TCSPC time-resolved fluorescence traces of EtHPTA-OH in presence of 0-15 
mM 4-cyanoaniline and (right) Stern-Volmer plot of fluorescence quenching yields kq = 5.16 ± 
0.12 × 109 M-1 s-1. λexc = 444.2 nm, λem = 480 nm. In acetonitrile with 0.1 M [NBu4][PF6] 
   
Figure 3.17 (Left) TCSPC time-resolved fluorescence traces of EtHPTA-OH in presence of 0-10 
mM 4-bromoaniline and (right) Stern-Volmer plot of fluorescence quenching yields kq = 8.33 ± 
0.35 × 109 M-1 s-1. λexc = 444.2 nm, λem = 480 nm. In acetonitrile with 0.1 M [NBu4][PF6] 
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Figure 3.18 (Left) TCSPC time-resolved fluorescence traces of EtHPTA-OH in presence of 0-10 
mM aniline and (right) Stern-Volmer plot of fluorescence quenching yields kq = 1.05 ± 0.07 × 1010 
M-1 s-1. λexc = 444.2 nm, λem = 480 nm. In acetonitrile with 0.1 M [NBu4][PF6]. 
  
Figure 3.19 (Left) TCSPC time-resolved fluorescence traces of EtHPTA-OH in presence of 0-5 
mM 4-methoxyaniline and (right) Stern-Volmer plot of fluorescence quenching yields kq = 1.03 ± 
0.05 × 1010 M-1 s-1. λexc = 444.2 nm, λem = 480 nm. In acetonitrile with 0.1 M [NBu4][PF6] 
Table 3.1 pKa(CH3CN) values of bases used and rate constants for the quenching of 1*[EtHPTA-
OH] (M-1 s-1) determined via Stern–Volmer analysis of time-resolved luminescence quenching. 
Base: 4-CN-Ana 4-Br-Anb MQ+ Anc 4-MeO-And pyridine lutidine 






1.05×1010 1.03×1010 - - 
a4-cyanoaniline, b4-bromoanline, caniline, d4-methyoxyaniline 
3.3.5 Delayed fluorescence of EtHPTA-OH 
No phosphorescence was resolved in the steady-state emission measurements; to 
ascertain whether the high quantum yield (ΦPL = 0.51) of the singlet state inhibited detection, we 
employed a time-gated ICCD camera to collect photoluminescence spectra at time delays well 
beyond the lifetime of 1*[EtHPTA-OH] (200 ns–80 μs delay after laser excitation, 250–500 ns gate). 
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Emission was detected on long timescales (up to 80 μs, detector limited) with λPL centered at ca. 
450 nm (Figure 3.20). The high energy and long lifetime of this delayed emission in comparison 
to the prompt singlet PL observed via steady-state and TCSPC methods, suggests P-type 
delayed fluorescence from EtHPTA-OH.156 While P-type fluorescence has not been reported for 
pyranines, their substituted-pyrene relatives, such as pyrene-1,3,6,8-tetrasulfate, are reported to 
display P-type delayed fluorescence at very high (>1 M) electrolyte concentrations, where the 
electrolyte can sufficiently screen the negative charge of the sulfate groups and allow for triplet-
triplet annihilation (TTA).164 We hypothesize that the neutral sulfonamides groups on EtHPTA-OH 
allow for TTA and the regeneration of 1*[EtHPTA-OH] without electrolyte.  
 
Figure 3.20 Delayed fluorescence spectra of EtHPTA-OH collected at varying time delays 
following laser excitation (λexc = 419 nm) and normalized steady-state photoluminescence 
spectrum for comparison. 1 mM 2,4,6-collidinium tetrafluoroborate was added to protonate any 
trace EtHPTA-O–. Samples prepared in 0.1 M [NBu4][PF6] acetonitrile solution. 
 To assess the photoacidic reactivity of the triplet state of EtHPTA-OH, delayed 
fluorescence was measured in the presence of a proton acceptor (MQ+). The lifetime of the 
delayed fluorescence is not attenuated upon the addition of MQ+ (Figure 3.21). As the rate of 
regeneration of 1*[EtHPTA-OH] through TTA is determined solely by the concentration of 3*[EtHPTA-
OH], this observation indicates that MQ+ does not react with 3*[EtHPTA-OH] prior to TTA.164 
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Figure 3.21 Normalized counts of delayed fluorescence from EtHPTA-OH measured at 450 nm.  
Increasing concentrations of MQ+ do not lead to a reduction in EtHPTA-OH triplet lifetime.  
3.3.6 Growth of EtHPTA-OH photoproducts observed through TA 
 To further verify that fluorescence quenching arises from an ESPT process, nanosecond 
transient absorption (TA) spectroscopy was used to detect the photoproducts of proton transfer. 
At moderate (1-30 mM) concentrations of the bases observed to undergo diffusional quenching 
(anilines and MQ+), an unexpected biphasic growth of a transient species is observed at 548 nm, 
corresponding to the formation of the deprotonated photoacid, EtHPTA-O– (Figures 3.22 through 
3.26). The anticipated prompt transient signal observed immediately after the laser pulse (5-7 ns 
FWHM) is attributed to EtHPTA-O– generated through quenching of 1*[EtHPTA-OH] via ESPT to 
the added base. An unanticipated slow growth of the transient signal is observed on the 100 μs 
timescale; this longer timescale process is attributed to quenching of the 1*[EtHPTA-OH] generated 
through TTA and subsequent quenching via ESPT with added base, again producing EtHPTA-O– 
and the conjugate acid. Under pseudo-first order conditions (excess base), the growth of the 
transient feature fits to single exponential kinetics to yield a second-order rate constant kg that 
spans a small range of values (1.23–2.92 × 106 M-1 s-1) across the MQ+ and aniline bases (Table 
3.2). This observed rate constant for transient growth is a convolution of the generation of 
1*[EtHPTA-OH] through TTA and the subsequent diffusional quenching via ESPT. As expected, 
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this rate constant (kg) trends with the rate constant for singlet quenching (kq) but as the observed 
rate constant is also dependent on the preceding TTA reaction and thus also on the concentration 
of 3*[EtHPTA-OH], it is susceptible to other variance due to any deviation from our standard 
experimental conditions (e.g. fluctuations in laser power).  
  
Figure 3.22 (Left) Growth and decay of photoproduct EtHPTA-O– as quantified via transient 
absorption traces at 548 nm with varying concentrations of 4-cyanoaniline and (right) plot of 
observed rate constants for the slow growth of the transient at 548 nm versus the concentration 
of 4-cyanoaniline yields the apparent second-order rate constant for growth of in acetonitrile with 
0.1 M [NBu4][PF6]. 
  
Figure 3.23 (Left) Growth and decay of photoproduct EtHPTA-O– as quantified via transient 
absorption traces at 548 nm with varying concentrations of 4-bromoaniline and (right) plot of 
observed rate constants for the slow growth of the transient at 548 nm versus the concentration 
of 4-bromoaniline yields the apparent second-order rate constant for growth of in acetonitrile with 





Figure 3.24 (Left) Growth and decay of photoproduct EtHPTA-O– as quantified via transient 
absorption traces at 548 nm with varying concentrations of MQ+ and (right) plot of observed rate 
constants for the slow growth of the transient at 548 nm versus the concentration of MQ+ yields 
the apparent second-order rate constant for growth of in acetonitrile with 0.1 M [NBu4][PF6]. 
  
Figure 3.25 (Left) Growth and decay of photoproduct EtHPTA-O– as quantified via transient 
absorption traces at 548 nm with varying concentrations of aniline and (right) plot of observed 
rate constants for the slow growth of the transient at 548 nm versus the concentration of aniline 




Figure 3.26 (Left) Growth and decay of photoproduct EtHPTA-O– as quantified via transient 
absorption traces at 548 nm with varying concentrations of 4-methoxyaniline and (right) plot of 
observed rate constants for the slow growth of the transient at 548 nm versus the concentration 
of 4-methoxyaniline yields the apparent second-order rate constant for growth of in acetonitrile 
with 0.1 M [NBu4][PF6]. 
Table 3.2 Rate constants for the growth of the transient at 548 nm, obtained through fitting of the 
growth kinetics, and for back proton transfer, as estimated through kinetics modeling of the 
















0.061 × 106 
2.098 ± 
0.120 × 106 
1.543 ± 
0.002 × 106 
1.692 ± 
0.101 × 106 
2.920 ± 




7.0×109 6.0×109 7.0×109 7.1×109 4.7×109 1.9×1010   9.0×109 
 
 In samples containing the neutral pyridine bases, pyridine and 2,6-lutidine, only a prompt 
transient signal is observed at 548 nm, with no slow growth component (Figures 3.27 and 3.28). 
Instead, the transient signal observed at 548 nm decays immediately following the laser pulse. 
The absence of a slow transient growth is consistent with the observation that these bases 
undergo only static quenching and do not participate in diffusional quenching. Without diffusional 
quenching of the regenerated 1*[EtHPTA-OH], no further photoproducts form and back proton 
transfer is observed immediately. 

 
Figure 3.27 Decay of photoproduct EtHPTA-O– as quantified via transient absorption traces at 
548 nm with varying concentrations of 2,6-lutidine in acetonitrile with 0.1 M [NBu4][PF6]. 
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Figure 3.28 Decay of photoproduct EtHPTA-O– as quantified via transient absorption traces at 
548 nm with varying concentrations of pyridine in acetonitrile with 0.1 M [NBu4][PF6]. 
3.3.7 Recombination Kinetics of EtHPTA-OH with added base 
Over hundreds of microseconds, decay of the EtHPTA-O– signal at 548 nm is observed for 
all samples containing base.  Decay of the transient can be fit with second-order kinetics reflecting 
the exergonic back proton transfer between ground state EtHPTA-O– and the protonated base 
(ΔG° = –7.37 to –17.15 kcal/mol). Due to the presence of a small quantity of EtHPTA-O– (<1% of 
EtHPTA-OH) prior to irradiation resulting from basic impurities in acetonitrile, the concentrations 
of photogenerated EtHPTA-O– and protonated base are not precisely 1:1 in some samples and 
the kinetics for the decay cannot be fit to equal second-order concentrations kinetics. A kinetic 
model was constructed that accounts for the additional EtHPTA-O– using a differential equation 
solver. A series of differential equations describing the change in concentrations of reactants 
versus time were input to an ordinary differential equation solver in MATLAB along with the 
concentrations of the reactants at the beginning of the simulation, as obtained through ΔOD and 
ground-state absorbance measurements (Figures 3.29 and 3.30). Simulated TA traces with varied 
rate constants were generated until agreement was found with the experimental data (Figures 
3.31 through 3.37). Full details of the kinetics model can be found in the ESI. As expected for 
exergonic back proton transfer (ΔG° = –7.37 to –17.2 kcal/mol), all rate constants were found to 












Figure 3.29 Basic kinetics model used to find kBPT from the recombination of EtHPTA-O– and the 
conjugate acid of added base. 
File 1: pyranine_kBPT.m, defines the differential equations for EtHPTA-O– and conjugate acid 
concentrations. 
function [yprime] = pyranine_kBPT(t,y,k) 
%differential equations for each species. 
%1 = EtHPTAO- 
yprime(1) = -(k(1).*y(1).*y(2)); 
%2 = conjugate acid 
yprime(2) = -(k(1).*y(1).*y(2)); 
  




File 2: example script used to set the input parameters and plot the data. 
 
k = [1.93e10]; %rate constant of k_BPT 
logtimespan = -6:0.2:-3; %from 1e-6 to 1e-3 in 0.2 increments logarithmically 
timespanfast = 10.^logtimespan; 
t0_conc = 8.9849e-08; %found from ΔOD measurements 
abs_conc = 4.60185e-07; %found from absorbance measurements before laser 
irradiation 
%concentrations of [EtHPTAO-and [conjugate acid] respectively: 
y0 = [(t0_conc + abs_conc),t0_conc]; 
  
[Tcalc,Ycalc]=ode23s(@(t,y)pyranine_kBPT(t,y,k),timespanfast,y0); 
epsEtHPTAO = 75500; %extinction coefficient of EtHPTAO- 
dOD_calc_548=((Ycalc(:,1) - abs_conc)*epsEtHPTAO);  
semilogx(TA_548_t,pyridine_c1mM_548_dOD); %plots experimental data 
hold on; 
semilogx(Tcalc,dOD_calc_548,'ko'); %plots overlay of calculated data 
hold off; 
 




Figure 3.31 TA traces at 548 nm probing the decay of EtHPTA-O– through recombination with the 
conjugate acid, 4-cyanoanilinium. Simulated traces have been generated using the kinetics model 
(above) which are overlaid, showing good agreement with the experimental data.  
 
Figure 3.32 TA traces at 548 nm probing the decay of EtHPTA-O– through recombination with the 
conjugate acid, 4-bromoanilinium. Simulated traces have been generated using the kinetics 
model (above) which are overlaid, showing good agreement with the experimental data.  
 
 
Figure 3.33 TA traces at 548 nm probing the decay of EtHPTA-O– through recombination with the 
conjugate acid, HMQ2+. Simulated traces have been generated using the kinetics model (above) 
which are overlaid, showing good agreement with the experimental data.  
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Figure 3.34 TA traces at 548 nm probing the decay of EtHPTA-O– through recombination with the 
conjugate acid, anilinium. Simulated traces have been generated using the kinetics model (above) 
which are overlaid, showing good agreement with the experimental data.  
 
Figure 3.35 TA traces at 548 nm probing the decay of EtHPTA-O– through recombination with the 
conjugate acid, 4-methoxyanilinium. Simulated traces have been generated using the kinetics 
model (above) which are overlaid, showing good agreement with the experimental data.  
 
Figure 3.36 TA traces at 548 nm probing the decay of EtHPTA-O– through recombination with the 
conjugate acid, pyridinium. Simulated traces have been generated using the kinetics model 
(above) which are overlaid, showing good agreement with the experimental data.  
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Figure 3.37 TA traces at 548 nm probing the decay of EtHPTA-O– through recombination with the 
conjugate acid, 2,6-lutidinium. Simulated traces have been generated using the kinetics model 
(above) which are overlaid, showing good agreement with the experimental data.  
3.4 Conclusion 
 In conclusion, we have found novel reactivity in a new derivative of pyranine wherein a 
photoacidic singlet state is regenerated through a TTA mechanism, enabled through the 
replacement of the anionic sulfate groups of the native pyranine with neutral diethylsulfonamide 
moieties. To our knowledge, there have been no reports of this mechanism of delayed 
photoacidity, although the prompt singlet reactivity of other neutral sulfonamide derivatives of 
pyranine has been previously studied.159,161,165 This exciting reactivity warrants investigation into 
new systems to able to harness it to leverage interesting and productive chemistry. Ideally, neutral 
sulfonamide pyranine derivatives such as EtHPTA-OH will prove useful in the study of photoacid-













CHAPTER 4. Theory and Experimental Considerations for the Determination of Acid–
Base Homoconjugation Constants via 1H NMR. 
 
4.1 Introduction 
Acid–base homoconjugation, the association of a weak acid its conjugate base in 
nonprotic solvent (BH+ + B ⇌ BHB+)†, is a frequently overlooked phenomenon that is nevertheless 
quite relevant to many contemporary research efforts involving the use of acids and bases.105,166–
169 Homoconjugation is one of several forms of molecular association that can occur between 
acids and bases, such as dimerization, aggregation, and heteroconjugation, all of which have 
serious implications for the reactivity of the acid and base (Figure 4.1). Homoconjugation in 
particular can be disruptive in the analysis of acid- and base-dependent kinetics and 
thermodynamics by (1) the formation of a new molecular species with distinct properties separate 
from the unassociated acid and base, and (2) by the perturbation of the protonation equilibria in 
the acid and base via changes in concentration caused by association. Specifically, in cases 
where [B] > [BH+], the formation of BHB+, a weaker acid than BH+, raises the effective pKa of the 
solution by depleting the concentration of BH+ and replacing it with the weaker BHB+ (Figure 4.2). 
In cases where [B] < [BH+], formation of BHB+ instead depletes B, causing a commensurate shift 
in protonation equilibria involving B and BH+, effectively decreasing the pKa of BH+ under these 
conditions (Figure 4.3). 
 
 
† For brevity, all schematic representations of homoconjugation phenomena are described in terms of cationic 
homoconjugation. The same phenomena are identical for anionic homoconjugation except when noted otherwise. 
97 
 
Figure 4.1 Various types of molecular association found in acids and bases in aprotic solvents.
 
Figure 4.2 Homoconjugation dominant when [B] > [BH+] shifts protonation equilibria and results 
in a higher effective pKa. S = solvent or substrate. 
 
 
Figure 4.3 Homoconjugation dominant when [B] < [BH+] which shifts protonation equilibria and 
results in a lower effective pKa. S = solvent or substrate. 
 
 In light of these phenomena, careful consideration of homoconjugation equilibria is 
important in systems involving the consumption or production of acid, such as electrocatalytic 
proton reduction or water oxidation.105,166–168 For example, catalytic consumption of a substrate 
acid and the production of a small amount of conjugate base quickly give rise to the above case 
where [B] < [BH+] when in unbuffered acidic solutions. With a homoconjugating acid, the depletion 
of [B] and the corresponding shift in protonation equilibria between the acid and catalyst results 
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in more protonation of the catalyst and a higher rate of catalysis than expected for the pKa of a 
given acid. These phenomena can be mitigated through the judicious choice of acids and bases 
with low equilibrium constants for homoconjugation (KHC = [BHB+] / [BH+][B]) or by dilution to the 
point where only a negligible concentration of the homoconjugate species exists in solution. 
Alternately, as acid-base homoconjugation is highly influenced by solvent identity, it can be 
reduced by changing the reaction solvent, although this may have a more significant influence on 
the reaction than homoconjugation. Homoconjugation is generally only observed in aprotic 
solvents, as hydrogen bonding with protic solvents outcompetes that of the conjugate acid and 
base.170 
4.2 Theoretical background of homoconjugation 
Homoconjugation, as a subset of hydrogen-bonding association, generally conforms to 
the theory developed for such. Beyond the specifics of the acid/base pair and its inherent proclivity 
towards homoconjugation, the most important factors determining the magnitude of KHC is solvent 
identity.135,170–174 Due to the effect of polarity on hydrogen bonding, as well as particular solvent-
solute interactions, KHC is highly specific towards the solvent used. Higher solvent polarity is 
known to cause weaker hydrogen bonding interactions, and, absent other factors, 
homoconjugation constants are larger in nonpolar solvents than in polar solvents.170,172–174 In 
some cases, homoconjugation is only observed in nonpolar solvents, due to the (lack of) strength 
of interactions in polar solvents.175 The specific ability of the solvent to solvate anions or cations 
also plays a role in the magnitude of anionic and cationic homoconjugation, respectively. Solvents 
that are generally poor at solvating anions (e.g. propylene carbonate, acetonitrile) are expected 
to have higher homoconjugation constants for anionic homoconjugation compared to other 
solvents, and vice versa. 
Efforts have been made to approximate the changes in H-bonding equilibrium constants 
across different solvents through the use of Born–Haber cycles (Figure 4.2), the theoretical 
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framework of which could be extended to the specific case of homoconjugation.173 However, this 
method has not seen adoption due to two major factors. Firstly, the gas-phase measurements 
required for the completion of a Born–Haber cycle are difficult or impossible for most 
homoconjugating acid/base pairs because of the inherent charge involved, as ionic species 
generally have very high boiling points. Secondly, it is generally more accurate to simply measure 
the homoconjugation constant in the desired solvent than to rely on the approximations from a 
Born–Haber cycle. 
 
Figure 4.4 Example Born–Haber cycle for cationic homoconjugation. 
4.3 Methods for the measurement of homoconjugation equilibrium constants 
As the conversion of homoconjugation constants across different solvents is impractical, 
measurements should be made in the specific solvent used. To that end, several methods exist 
for the determination of homoconjugation equilibrium constants.  
Potentiometric titrations utilize a glass electrode that is sensitive to the activity of acid (i.e. 
the strength and concentration of acids in solution).120,123,176,177 After the potential measurement 
of an acid-only solution, base is titrated, resulting in the formation of BHB+, a weaker acid. The 
change in acid strength causes a corresponding change in the measured potential, and fitting of 
the potential curve over the course of the titration provides KHC. 
Conductometric titrations are similar in principle to potentiometric titrations, and are 
particularly useful due to their sensitivity – micromolar concentrations of acid and base can be 
titrated via conductometry.177–180 In conductometry, electrodes are used to measure the 
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conductivity of the solution. A solution of analyte acid or base is prepared, and a separate strong 
base or acid is titrated which reacts 1:1 with the analyte, producing the conjugate base or acid, 
respectively. As associated ions do not contribute to the conductivity of solution, the presence 
and magnitude of homoconjugation can be detected by deviations from the predicted conductivity. 
When applicable, infrared spectroscopy (IR) is the most robust technique for the 
determination of homoconjugation constants, as each chemical species displays a distinct 
spectroscopic signature which provides a direct measurement of its concentration.173,181 For this 
reason, it is well suited for the analysis of acid/base pairs which undergo other forms of 
association, such as the dimerization of carboxylic acids, as these reactions can be easily 
distinguished and deconvoluted. IR is best performed with acid/base pairs containing strong, well-
resolved bands (e.g. carbonyl or nitrile groups), and analysis of some acid/base pairs may be 
precluded due to the lack a strong spectroscopic handle. 
 UV/Vis spectroscopy is generally poorly suited for the determination of homoconjugation 
constants, as most simple acid/base conjugate pairs share similar spectroscopic features.173 
However, in the case that the homoconjugate complex is spectroscopically distinct from the acid 
and base, titration followed by Benesi–Hildebrand or analogous analyses can be used to 
determine the homoconjugation equilibrium constant.  
 Nuclear magnetic resonance (NMR) spectroscopy is a powerful and generalizable 
technique for the determination of homoconjugation constants. All acids necessarily possess a 
1H NMR handle in the form of the acidic proton, and can thus be studied via NMR. Proton transfer 
and hydrogen bonding equilibria exist in the fast exchange regime at room temperature, and as 
such only a single set of resonances is predicted for the acid, base, and homoconjugate 
complex.173,181 The location of each resonance (δobsd) is a concentration-weighted average of δacid, 
δbase and δHC. With knowledge of δacid and δbase along with the initial concentrations of acid and 
base, fitting of δobsd throughout an acid/base titration can provide the concentration of BHB+ and 
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δHC. However, NMR is poorly suited for distinguishing between homoconjugation and other forms 
of molecular association, and should be avoided with acid/base pairs known to undergo such 
phenomena. 
4.4 Considerations for the determination of homoconjugation equilibria via 1H NMR 
 The hydrogen bonding in homoconjugation induces an increase in polarity of the covalent 
bond of the acidic proton, reducing the electron density at the proton and shifting the observed 
resonance of the acidic proton.173,181,182 Generally, the shift from homoconjugation is to lower field 
(higher ppm) due to the deshielding effects of lower electron density, unless an aromatic ring is 
present. The shift has been explained by the relative influences of anisotropic magnetic currents 
and the polarization of the BH+ bond by B. However, anisotropic magnetic currents can outweigh 
bond polarization when dealing with aromatic molecules, due to the induced ring current of the 
aromatic ring, which causes an upfield shift (lower ppm) Molecules that are charged or strongly 
polar may induce larger polarization of the BH+ bond, which reduces electron density on the proton 
and causes an accompanying shift to lower field (higher δ). 
Although it’s common to study H-bonding (and thus HC) via 1H NMR, any isotopic handle 
can be used, and shift according to how perturbed its environment is by the homoconjugation 
equilibrium. As the magnitude of the shift is proportional to the degree of perturbation, the acidic 
proton is frequently the most easily studied. At high concentrations of base, however, fast 
exchange processes may broaden this resonance beyond the resolution of the spectrometer and 
another resonance should instead be used. 
4.5 Fitting of NMR titration data 
At room temperature, H-bonding systems typically operate in the fast exchange regime, 
and only one peak for the acidic proton is observed via NMR.173 In the case of acids with only one 
exchangeable proton (e.g. pyridinium), the position of the resonance of the acidic proton is a 
concentration-weighted average of only δacid and δHC, with no contribution from δbase, where δacid 
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denotes the chemical shift of the acidic proton on the acid and δHC denotes the chemical shift of 
the acidic proton on the homoconjugate species (Figure 4.5).  
 
Figure 4.5 Example of species in homoconjugation with pyridinium and pyridine. In 1H NMR, the 
observed chemical shift acidic proton is a weighted average of δacid and δHC. δbase contains no 
acidic proton and does not contribute to the observed chemical shift. 
In this instance, the observed chemical shift is determined by: 






δHC    (4.1) 
Where [BH+]0 denotes the concentration of acid prior to homoconjugation and [BHB+] denotes the 




[BH+]0     (4.2) 
This equation, combined with the equilibrium expression for homoconjugation  






([BH+]0 + [B]0 − [BHB+]) +
1
𝐾HC(δHC−δacid)
  (4.3) 
Substituting equation 4.2 for [BHB+] in equation 4.3 produces the following equation: 









(δHC − δacid)  (4.4) 
Which can be used to find KHC and δHC values by fitting δobsd values obtained through an acid/base 
titration. 
In the case that the base also possesses exchangeable protons (e.g. anilines), the 
observed chemical shift of the acidic proton is instead a composite of contributions from δacid, δHC, 




Figure 4.6 Example of species in homoconjugation with anilinium and aniline. In 1H NMR, the 
observed chemical shift acidic proton is a weighted average of δacid, δHC, and δbase. 
Equation 4.1 is complicated through the addition of terms for the resonance of the base, weighted 
by the number of exchangeable protons. 















δHC  (4.5) 
 
Where Nacid and Nbase refer to the number of exchangeable protons on the acid and base 
respectively and Ntotal = Nacid + Nbase. In the case that [BH+]0 = [B]0, which can be easily obtained 
by making measurements at a 1:1 ratio of acid and base, the equation can be simplified, and 
similar treatment as above yields the following equation: 













)   (4.6) 
 
Which is also suitable for fitting. Due to the requirement that [BH+]0 = [B]0, titrations involving the 
addition of base or acid are not recommended for acid/base pairs of this type. Instead, solutions 
of equimolar acid and base should be diluted to change both concentrations equally. 
 Work is ongoing to determine the homoconjugation constants of a library of acid/base 
pairs in acetonitrile using the above methodology. Preliminary results using the 1H NMR 
techniques and analysis described above have found good agreement for the acids/base pairs 





APPENDIX A: CHARACTERIZATION OF 1-METHYL-[4,4’-BIPYRIDIN]-1-IUM 
HEXAFLUOROPHOSPHATE ([MQ]PF6) 
 
1-methyl-[4,4’-bipyridin]-1-ium, commonly referred to as “monoquat,” (MQ+) is a 1 H+/1e– 
acceptor of growing popularity in the PCET community (Figure A.1). The spectroscopic and 
thermochemical characterization of the hexafluorophosphate salt in acetonitrile is provided. 
Spectrophotometric titration of Methyl Red with HMQ2+ in acetonitrile yields the pKa value of 
HMQ2+ (10.4) (Figure A.2). Cyclic voltammetry of MQ+ reveals a reversible couple for the reduction 
to neutral MQ• at –1.35 V vs Fc+/0 (Figure A.3). This reduction potential shifts dramatically positive 
upon protonation. Addition of 1 equiv. 4-cyanoanilinium (pKa = 7.0 in acetonitrile183) generates 
HMQ2+ in situ, which displays a reversible reduction at E°′(HMQ2+/+) = –0.82 V vs Fc+/0, 
comparable to that of the structural analogue methyl viologen (E°′(MV2+/+) = –0.82 V vs Fc+/0 in 
acetonitrile).184 Using the pKa of HMQ2+ and the reduction potentials of MQ+/0 and HMQ2+/+, the 
pKa of HMQ•+ is obtained via Hess’s Law (19.3 in acetonitrile). MQ+ is colorless prior to reduction, 
but has distinct spectroscopic handles for both the neutral radical MQ• ((λmax = 369 nm, 530 nm) 








Figure A.2 Spectrophotometric titration of Methyl Red (pKa = 10.2 in acetonitrile) with HMQ2+ 
yields a pKa value of 10.4 for HMQ2+ in acetonitrile. Basic impurities in acetonitrile neutralize the 
first few additions of HMQ2+. 
 
Figure A.3 Cyclic voltammograms of MQ+ and HMQ2+ in acetonitrile show a first reduction 
potential at –1.35 V vs Fc+/0 and -0.82 V vs Fc+/0 respectively. Ferrocene was added as an internal 
reference.  
 
Figure A.4 Normalized absorbance spectra of MQ+, MQ•, and HMQ•+ in acetonitrile.  
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APPENDIX B: REDUCTANTS INVESTIGATED FOR THE THERMAL REDUCTION OF HMQ2+  
 
1-methyl-[4,4’-bipyridin]-1-ium (MQ+) and 1-methyl-[4,4'-bipyridine]-1,1'-diium (HMQ2+) 
have first reduction potentials at –1.35 V and –0.82 V vs Fc+/0 respectively in acetonitrile. For a 
thermodynamically favorable PCET reaction to occur in the presence of a photoacid, a thermal 
reductant is needed with a reduction potential between these two values. If a reductant is too 
strong (i.e. with a reduction potential near or below –1.35 V), then ET will occur in the ground 
state, prior to irradiation of the photoacid and ensuing formation of HMQ2+. If a reductant is too 
weak, (i.e. with a reduction potential significantly higher than –0.82 V), then no ET will occur even 
after MQ+ is protonated. 
A series of thermal reductants have been screened for their ability to selectively reduce 
HMQ2+ without reducing MQ+. The results of this screening are contained below. 
 
Reductant Couple Estimated E1/2 (V vs Fc+/0) Summary of results 
Cr(C6H6)2+/0 –1.22 
Too close to -1.35 V, ground 





Synthesis failed; solubility 
concerns 
Co(dap)22+/+ –0.98 Synthesis failed 




Cr(bpy)33+/2+ –0.63 Degraded in solution 
Cr(dtbbpy)33+/2+ –0.78 Degraded in solution 
W(tpy)2+/0 –0.98 No reaction observed 
 
Table A.1 Reductants investigated for the reduction of HMQ2+ and estimated reduction potentials 







Figure B.1 Chromium bis(benzene). 
Source: Commercially available (Sigma-Aldrich). 
 
Reduction Potential: -1.22 V vs Fc+/0, as measured by labmate Carolyn Hartley. 
 
Figure B.2 Absorbance spectrum of chromium bis(benzene) 
 
Cr(C6H6)20 was abandoned as a reductant for HMQ2+ because of significant ground-state 
ET equilibrium at the concentrations needed for TA samples. In solutions containing both 
Cr(C6H6)20 and MQ+, the unstable radical MQ• forms, which degrades over time and interferes 





Figure B.3 Co(Sep)2+. 
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Source: Formerly commercially available (Sigma-Aldrich) as the Co(III) trichloride salt. 
Reduction Potential: ~-0.66 V vs Fc+/0, approximated from water185 
 
Figure B.4 Absorbance spectra of different redox states of Co(Sep).  
 
Co(Sep)2+ was abandoned due to its odd redox properties, difficulties in purification, and 
its insolubility in the presence of PF6– anions. Co(Sep)3+ is obtained as the Co(III) salt, and to be 
used as a thermal reductant it must first be reduced to Co(II). Thermal reduction of the Co(III) 
species does not form the Co(II), but instead a [Co(III)(Sep–)]2+ species. Preparation of the 
tetraphenylborate salt and subsequent photolysis (Co(III) + BPh4–  Co(II) + BPh3 + ½Ph2) is 
reported to form the colorless Co(II).186 Attempts to perform this transformation yielded an 
unknown purple byproduct that was not easily separated from the major Co(II) product. Finally, 
the PF6– salts of the Co(III) and Co(II) species are completely insoluble in every solvent available 







Figure B.5 Co(diMeSar)2+ 
 
 
Figure B.6 Attempted synthetic route for the production of Co(diMeSar)2+ 
Source: Attempted synthesis. 
 
110 
Reduction Potential: ~-0.80 V vs Fc+/0, approximated from water185,187 
 
Co(diMeSar)2+ was abandoned due to repeated unsuccessful attempts to complete the 
condensation step of the above synthesis. Starting material was recovered from every attempt. It 




Figure B.7 Co(dap)2+ 
 
Source: Attempted synthesis. 
Reduction Potential: -0.98 V vs Fc+/0, lit.188 
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Figure B.8 Attempted synthetic route for the production of Co(dap)2+ 
Co(dap)2+ was abandoned after two attempts at the synthesis of the dap ligand. In both 
cases, a similar ligand was recovered in good yield wherein a single anisole moiety was 
substituted at the 2 position and an unknown substitution was found at the 9 position, as 
evidenced by 1H NMR. The substituted moiety at the 9 position was silent in 1H NMR, and no 
splitting of the adjacent protons at the 8 position was observed. Literature reports also indicate a 
broad absorption band from 500-700 nm, which would interfere with detection of HMQ•+ 








Figure B.9 Co(dpp)2+ 

Figure B.10 Synthesis of Co(dpp)2+ 
Source: Successful synthesis. 
Reduction Potential: -0.89 V vs Fc+/0, measured via CV. 
 




Figure B.11 Absorbance spectra of Co(dpp)22+ and Co(dpp)2+. 

Figure B.12 Absorbance spectra of Co(dpp)2+ in the presence of EtHPTA-OH and MQ+. 

Co(dpp)2+ was abandoned due to unknown ground-state interactions with EtHPTA-OH, 






Figure B.13 CrCp2 
 
Source: Commercially available 
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Reduction potential: -1.11 V vs Fc+/0, as measured via CV. 
 
 
Figure B.14 Cyclic voltammogram of CrCp2 
CrCp2 was abandoned as a potential reductant due to immediate ground-state interactions with 
both EtHPTA-OH and MQ+ as observed by color changes upon mixing. EtHPTA-OH is pale yellow 
in solution and MQ+ is colorless in solution. Red crystals of CrCp2 were dissolved in acetonitrile 
and then added to solutions containing one of the above species. The EtHPTA-OH solution turned 




Figure B.15 Cr(bpy)32+ 


Figure B.16 Synthetic scheme for the synthesis of Cr(bpy)32+ 
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Source: Successful synthesis 
Reduction potential: -0.63 V vs Fc+/0, as measured via CV. 
 
 
Figure B.17 Cyclic voltammogram of Cr(bpy)32+ 
Cr(bpy)32+ was dismissed as a potential reductant for HMQ2+ due to several factors. First, 
all samples of Cr(bpy)32+ in acetonitrile were found to slowly oxidize to form Cr3+, introducing great 
difficulty in sample preparations. This phenomenon was observed both in Kontes sealed cuvettes 
and in a nitrogen glovebox, and the source of the oxidation was not determined. The presence of 
Cr3+ in solutions, combined with the location of the Cr3+/2+ couple, make Cr(bpy)32+ an effective 
oxidant of HMQ2+/•+, rather than a reductant. Finally, the dark purple color of Cr(bpy)2+ interferes 









Figure B.18 Cr(dtbbpy)32+ 
 
Figure B.19 Synthetic scheme for the synthesis of Cr(dtbbpy)32+ 
Source: Successful synthesis 
Reduction potential: -0.78 V vs Fc+/0, as measured via CV. 
 
 




Figure B.21 Absorbance spectrum of Cr(dtbbpy)32+ over time in acetonitrile. By ca. 2 hours 
approximately half of Cr(dtbbpy)32+ has been oxidized to Cr(dtbbpy)33+. 
 
Cr(dtbbpy)32+ was dismissed as a potential reductant for HMQ2+ due to the same factors 
as for Cr(bpy)32+. The slow oxidation in acetonitrile was found with Cr(dtbbpy)32+, making it 
unsuitable as a reductant. 
B.9 W(tpy)0 
 
Figure B.22 W(tpy)2 
 
 
Figure B.22 Synthesis of W(tpy)2 
Source: Successful synthesis 
 
Reduction potential: -0.98 V vs Fc+/0, lit.189 
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Figure B.23 Absorbance spectrum of W(tpy)2 
W(tpy)2 was dismissed due to the lack of reduced HMQ•+ observed in TA traces in samples 
containing EtHPTA-OH, MQ+, and W(tpy)2. There are no major issues with this reductant beyond 
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